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METHOD AND APPARATUS FOR PRODUCTION OF 
PRECIPITATJED CALCIUM CARBONATE AND SILICATE COMPOUNDS 
IN COMMON PROCESS EQUIPMENT 

TECHNICAL FIELD 

This invention relates to the production of precipitated calcium carbonate and 
to hydrothennal manufacture of calcium silicate hydrates. 

BACKGROUND 

The new "internet" economy has created a need for better appearing and for 
higher performance papers. Desirable aesthetic qualities require papers to be brighter, 
more opaque, and to have a smoother printing surface. Better qualities of these 
properties are useful to accommodate increasingly important uses of papers, such as 
ink jet printing and desktop publishing. And, higher performance requirements are 
sought in industrial papers lilce paper board and packaging (used to ship items ordered 
via the internet) which, paper types require components with very high mechanical 
strength. At the same time, escalating shipping and postal costs mean that users 
would also benefit firom lighter weight papers. In other words, it would be desirable 
to provide industrial paper with higher mechanical strength, higher brightness, higher 
opacity, yet still having improved piintability, weigh less, and made at a lower basis 
weight. With paper fillers and paper manufacturing techniques known or practiced 
heretofore, the juxtaposition of these requirements has not been feasible. 
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Presently, the paper industry adds filler to paper in order to improve some of 

the key perforaiance attributes. However, nearly all of the paper fillers cuirenfly 

available have some drawbacks associated with their use. . For example, the best 

known filler for improving the optical properties of p^er is titanium dioxide (Ti02). 

5 Although it can be used to dramatically improve the optical properties of paper, 

unfortunately, TiOa has some major disadvantages. First, it is very ejqjensive, on the 

order of about US$2,000 per ton at time of filing of this patent application. Second, 

it is highly abrasive to processing machinery. Third, it is usually shipped in a slurry 

form, which requires dispersant additives to prevent settling; that both adds cost and 

1 0 creates paper machine runnability issues. Finally, TiOa must be produced off-site, 

remotely from the paper mill, shipped to customers, thus adding a large transportation 

cost 

Other fillers, like silica and calcium, silicate, are sometimes used to improve 
sheet buUc, print quality, and other paper properties. Here again, one of the major 
15 disadvantages to these products is that they reduce sheet strength and are expensive 
(sihca at about US$3,000 to about US$4,000 per ton, and calcium siUcate at about 
US$80P to about US$1,000 per ton at time of fihng this patent application). These 
products, like Ti02, are also typically produced off-site, and cany a large 
transportation cost. 

20 In an effort to reduce production costs, the industry is increasingly switching 

to commodity fillers such as ground or precipitated calcium carbonate. Precipitated, 
calcium carbonate is perhaps best suited for improving the optical and print qualities 
of paper. It can also be produced on-site (at a paper mill), thus reducing or 
eliminating transportation costs. Unfortunately, calcium carbonate is not as effective 
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. as TiOa or siKca based fillers. Moreover, it significantiy reduces the strength 
perfoiriiance of paper, in addition to causing undesirable dusting. 

Importantly, it must also be appreciated "that the conventional process for the 
manufacture of PCC also has several limitations. First, the reaction takes place at 
atmospheric pressure in an "open" vessel, using a batch process technique. Such 
processes also require a high CO2 concentration (15% - 20% by volume) in a 
combustion gas waste stream, and require a long reaction time (often fi-om about 1 80 
• to about 200 minutes) to achieve the formation of the desired carbonate species. 
Conventional PCC manufacturing also requires large size reactors, (about 200 
USgal/ton/day of PCC capacity). Additionally, a large building is required to house 
such PCC reactors, and consequently, a large sized site is a requirement for such a 
reactor building- Resultantly, capital for the building, equipment, and construction is 
significant 

In view of the above, there is a definite and as yet unmet need in the paper 
industry for a high performance specialty filler manufacturing process, especially for 
such a process that can produce important commodity fillers lilce PCC. Moreover, it 
would be desirable for such a high performance process to be technologically 
superior, i.e., produce better quality filler products at lower costs than are presently 
available. 

Also, it would be desurable to find a new, high performance specialty filler that 
would, among ottier things, improve the aesthetic properties of paper (brightness, 
opacity, smoothness, print quality, etc.) as well as. and at the same time, and the 
mechanical properties of paper, (bulk, stiflfiiess, etc.), without decreasing any strength 
properties. Even more desirably, such a filler would be available for supply as a 
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slurry that is free of dispersant Finally, it would be desirable that such a higb 

perfonnance filler be available from an on-site production facility, in order to 

eliminate transportation costs for the finished filler. 

With regard to the production of precipitated calcium carbonate, it would also 

5 be desirable to provide improvements over conventional batch process so as to reduce 
or eliminate certain current limitations. For example, in an ideal situation, it would be 
desirable to produce precipitated calcium carbonate using very low concentration CQ2 
(as low as about 5.0% CO2 by volume, or less), while nonetheless significantly 
increasing the reaction rate, in order to reduce the size of reactors required from the 

1 0 current 200 gal/ton/day by at least half, and more preferably, by at least one fourth, 
i.e, to as low as about 50 gal/ton/day or less reactor size. Moreover, it would be 
desirable to reduce required building size, and thus reduce both process equipment 
costs and overall capital costs for such plants, ' 

Finally, it would be highly desirable to develop a new method and ^paratus 

15 that, with common capital equipment, was capable of both the production of the 
above mentioned high performance specialty filler as well as the production of 
precipitated calcium carbonate. 

OBJECTS> ADVANTAGES, AND NOVEL FEATURES 
20 Thus, a primary objective of the present invention is: 

To provide a method and apparatus, including equipment design, and process 
equipment configuration that produces both precipitated calcium carbonate and 
calcium siUcate hydrates from common process equipment; 
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Other objectives of this inventioii, with rfespect to the production of calcium 

carbonate, include the ability to provide a process pWt that can: 

(a) manufacture precipitated calcium carbonate while conducting the 

carbpnation st&p under superatmospheric pressure in closed reactor; 

5 (b) reduce the manufacturing time, per batch of precipitated calcium 

carbonate, by increasing the reaction rate; 

(c) improve the efBciency and utihzation of CO2 (higher percentage of 
available CO2 is utilized); 

(d) produce precipitated calcium carbonate using low concentration CO2 
10 (as Uttle as 5.0% CO2); 

(e) reduce reactor equipment size (on a gal/ton/day basis); 

(f) reduce reactor building size; 

(g) reduce overall capital cost (on a S/ton/day basis); 

(h) provide the flexibility of manufacturing PCC in batch, or in 
1 5 continuous, or in semi-batch processes; 

(i) provide the ability to produce PCC of dijSerent crystal moiphologies, 
including scalenohedral, rhombohedral, aragonite, and some special 

. products like "stacked" PCC; 

(j) be easily reconfigured to operate under alternate process conditions to 
20 produce calcium silicate fillers in the same process plant; 

(k) provide a PCC product that can be utilized in paper to improve 
brightness, opacity, and bulk. 
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Additional objectives of this inveation, with respect to calcium silicate hydrate 

include the ability to provide a process plant that can: 

(a) manufacture multiphase calcium silicate hydrates (in composition of 
matter), employiag sequential hydrofhermal reactions; 

(b) manufacture multiphase calcium silicate hydrates at the end-user's 
plant location (on-site); 

(c) be easily and quickly configured to alternately produce, in the same 
process equipment, precipitated calcium carbonates; 

(d) utilize slaking equipment and processes to prepare lime slurry for the 
manufacture of both multiphase calcium silicate hydrates and precipitated 
calcium carbonate; 

(e) provide multiphase calcium silicate hydrates which have a fibrous 
primary structure; 

(f) provide multiphase calcium silicate hydrates with fine, fibrous, 
primary particles (0.1 - 0.5 microns in diameter);. 

(g) provides a multiphase calcium silicate hydrates where the fibrous 
primary structure is interiocked into a "Haystack" type secondary 
structure; 

(h) provide multiphase calcium sihcate hydrates with a particle size 
ranging firom 5 - 50 microns; 

(i) produce multiphase calcium sihcate hydrates having high brightness 
values; 

(j) produce multiphase calcium sihcate hydrates having high scattering 
coefficient values; 
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(k) produce multiphase calcium silicate hydrates having high water 

absorption valiies; 

(1) produce multiphase calciuni silicate hydrates having a low density; 
(m) produce multiphase calcium silicate hydrates having low air 
permeability values; . 

(n) produce multiphase calcium- sihcate hydrates which, when used ia the 
manufacture of pq)er will: 

• Improve opacity over precipitated calcium carbonates; 

• Improve scattering power over precipitated calcium carbonates; 

• Improve brightness over precipitated calcium carbonates; 

• Improve sheet caliper oyer precipitated calcium carbonates; 

• Improve sheet bulk over precipitated calcium carbonates; 

• Improve sheet stif&ess over precipitated calcium carbonates; 

• Improve sheet porosity ovot precipitated calcium carbonates; 

• Improve surface smoothness over precipitated calcium carbonates; • 

• Improve sheet tensile over precipitated calcium carbonates; 

• Improve sheet formation over precipitated calcium carbonates; 

• Improve the intrinsic sheet water and oil absorption over precipitated 
calcium carbonates; 

• ' Improve print quality over paper filled with precipitated calcium 

carbonates; 

• Reduce print show tKrough over paper filled with precipitated calcium 
carbonates; 
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(o) produce a product that is chemically compatible Willi pr^^ 

calcium carbonates; 

. (p) produce multiphase calcium silicate hydrates, which can act as an 

extender for TiOa when used in the manufacture of paper; 

(q) produce multiphase calcium silicate hydrates, which can act as an 

extender or replacement for expensive siUca, fiber, etc. when used in the 

manufacture of paper. 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 is a process flow diagram showing one convenient arrangement of a 
"hybrid" plant for production of both calcium carbonate and calcium sihcate, 
(including, but not limited to, slaking equipmait, screening equipment, storage 
equipment, and reactor vessels) capable of producing either precipitated calcium 
carbonate and calcium silicate hydrates interchangeably and incorporating the novel 
process of pressure carbonation for the manufacture of precipitated calcium carbonate 
and sequential hydrothennal reactions between a lime slurry and a sihca slurry, 
producing multiphase calcium silicate hydrates, according to the processes of the 
present mvention. 

FIG. 2 is a photograph of the sclenohedral crystals of precipitated calcimn 
carbonate obtained in the process of the present invention; the photographs were taken 
with a scanning electron microscope (SEM). 

FIG. 3 is a photograph of the rhombohedral crystals of precipitated calcium 
carbonate obtained in the process of the present invention, whare the crystals have an 
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aspect ratio of approximately 1 : 1 ; the photogr^hs were taken with a scamung 
electron microscope (SEM). 

FIG. 4 is a photograph of the rhombohedral crystals of precipitated calcium 
carbonate 'obtained in the process of the present invention, where the crystals have an 
5 aspect ratio of approximately 1 :1.5; the photographs were taken with a scanning 
^ electron microscope (SEM). 

FIG. 5 is a photograph of the stacked rhombohedral crystals of precipitated 
calcium carbonate obtained in the process of the present invention; the photographs . 
were taken with a scanning electron microscope (SEM). 
10 FIG. 6 is a photograph of the aragonite crystals of precipitated calcium 

carbonate obtained in the process of the present invention; the photographs were taken 
with a scanning electron ndcroscope (SEM). . . 

. FIG. 7 is a graphical representation of the typical heat up / cool down cycle 
performed in the 54iter reactor vessel, used in process of the present invention. 
15 FIG. 8 is a photograph of the calcium silicate hydrate obtained in the process 

of the present invention, termed TiSil™ brand calcium silicate, at 7,500 times 
magnification; the photographs were taken with a scanning electron microscope 
(SEM). 

FIG. 9 is a photograph of the calcium silicate hydrate obtained in the process 
20 of the present invention, termed TiSil™ brand calcium sihcate, at 1,500 times 
magnification; the photographs were taken with a scanning electron microscope 
(SEM). 

FIG. 1 0 is a photograph of the calcium silicate hydrate obtained in the process 
of the present invention, termed StiSil™ brand calcium silicate (5XPC 27), at 10,000 
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times magnification; the photographs were taken with a scanning electron microscope 

(SEM). 

FIG. 1 1 is a photograph of the calcium silicate hydrate obtained in the process 
of the present invention, termed StiSil™ brand calcium silicate (5XPC 27), at 2,000 
times magnification; the photographs were taken with a scanning electron microscope 
(SEM), 

FIG. 12 is a graphical depiction of the reaction rate in grams of calcimn 
hydroxide (expressed as calcium carbonate) per liter of slurry per minute, showing the 
increase in carbonation reaction rate as the pressure at which the carbonation reaction 
takes place is increased. 

FIG. 13 is a graphical depiction of the increase in carbonation efficiency as the 
pressure at which the carbonation reaction takes place is increased. 

FIG. 14 is a graphical depiction of the change in surface area of precipitated 
calcium carbonate, showing the change as the pressure at which the carbonation 
reaction takes place is increased. 

FIG. 15 is a graphical depiction of the reaction rate of the carbonation reaction 
as a function of the temperature at which the carbonation reaction takes place, 
showing the reaction rate for a gas stream containing 20 percent carbon dioxide, at 0 
psig (atmospheric pressure) and at 30 psig. 

FIG. 16 is a graphical depiction of the carbon dioxide usage efficiency as a 
fimction of the temperature at which the carbonation reaction is carried out, showing 
the efficiency for a gas stream containing 20 perbent carbon dioxide, at 0 psig 
(atmospheric pressure), and at 30 psig. 
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FIG. 1 7 is a graphical depiction of the surface area (shown as Blaine) of PCC 
as a function of the temperature at which the carbonation reaction is carried out, 
showing the PCC surface area for a gas stream containing 20 percent carbon dioxide 
at 0 psig (atmospheric pressure), and at 30 psig. 
5 FIG. 1 8 is a graphical depiction of the reaction rate of the carbonation reaction 

as a function of the percentage of carbon dioxide in a gas stream provided to the 
carbonation reactor, showing the efficiency of a gas stream at 0 psig (atmospheric 
pressure), and at 30 psig. 

FIG. 19 is a graphical depiction of the carbon dioxide usage efficiency as a 
10 function of the percentage of carbon dioxidet in a gas stream provided to the 

carbonation reactor, showing the efficiency of a gas stream at 0 psig (atmospheric 
pressure), and at 30 psig. 

FIG. 20 is a graphical depiction of the surface area of precipitated calcium 
carbonate (as indicated by Blaine) as a function of the percentage of carbon dioxide in 
15 a gas stream provided to the caibonation reactor, showing the efficiency of a gas 
stream at 0 psig (atmospheric pressure), and at 30 psig. 

FIG. 21 is a graphical depiction of the reaction rate of the carbonation reaction 
as a function of the flow rate of the CQ2 containing gas stream provided to the 
carbonation reactor at 30 psig. 
20 FIG. 22 is a graphical depiction of the c?rbon dioxide usage efficiency as a 

function of the flow rate of the C02 containing gas stream provided to the 
carbonation reactor at 30 psig. 
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FIG. 23 is a graphical depiction of the surface area of precipitated calcium 

carbonate (as indicated by Blaine) as a function of the flow rate of the C02 containing 

gas stream provided to the carbonation reactor at 30 psig. 

FIG. 24 is a graphical depiction of the pigment brightness as a function of the 

5 flow rate of the C02 containing gas stream provided to the carbonation reactor at 30 

psig. 

FIG. 25 is a graphical depiction of the length (in minutes) of the carbonation 
reaction as a function of the flow rate of the C02 containing gas stream provided to 
the carbonation reactor at 30 psig. 

10 FIG. 26 is a photograph of one type of precipitated calcium carbonate crystal . 

obtained in the process of the present invention, termed SPC 1 1 8; the photographs 
were taken with a scanning electron microscope (SEM). 

FIG. 27 is a graphical depiction of the reaction rate of the carbonation 
reaction, in terms of the grams per Uter per minute of calcium hydroxide converted, as 

15 a function of the concentration of calcium hydroxide in the lime slurry (expressed as 
grams of calcium hydroxide as calcium carbonate, per liter of slurry), for a reaction 
according to the invention, carried out at 30 psig arid 200 F using a gas stream to the 
carbonation reaction which contains 20 % carbon dioxide by volume upon entry to the 
carbonation reactor. 

20 FIG. 28 is a graphical depiction of the carbon dioxide efficiency of the 

carbonation reaction, as a function of the concentration of calcium hydroxide in the 
lime slurry (expressed as grams of calcium hydroxide as calcium carbonate, per liter 
of slurry), for a reaction according to this invention, carried out at 30 psig and 200 F 
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using a gas stream to the carbonation reaction which contains 20 % carbon dioxide by 
volume upon entry to the carbonation reactor. 

FIG. 29 is a graphical depiction of the surface area of precipitated calcium 
carbonate (as indicated by Blaine), as a function of the concentration of calcixmi 
5 hydroxide in the lime slurry (expressed as grams of calcium hydroxide as calcium 
carbonate, per liter of slurry), for a reaction as described herein, carried out at 30 psig 
and 200 F using a gas stream to the carbonation reaction which contains 20 % carbon 
dioxide by volume upon entry to the carbonation reactor. 

FIG. 30 is a graphical depiction of the reaction rate of the carbonation reaction 
10 as a function of the speed of the agitator used to stir the lime slurry in the reactor, for 
a reaction carried out at 30 psig and 1 00 F using a gas stream entering the 
carbonation reactor which contains 20% carbon dioxide by volume. 

FIG. 3 1 is a graphical depiction of the carbon dioxide utilization efficiency of 
the carbonation reaction as a function of the speed of the agitator used to stir the lime 
15 slurry in the reactor, for a reaction carried out at 30 psig and 100 F using a gas 
stream entering the carbonation reactor which contains 20% carbon dioxide by 
volume. 

FIG. 32 is a graphical depiction of the surface area of precipitated calcium 
carbonate (as indicated by Blaine) as a function of the speed of the agitator used to stir 
20 the lime slurry in the reactor, for a reaction carried out at 30 psig and 1 00 F using a 
gas stream entering the carbonation reactor which contains 20% carbon dioxide by 
volume. 
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FIG. 33 is a graphical depiction of the pe.9ks found through the x-ray 

diffraction (XRD), at angle 20 , of the calcium siUcate hydrate 6f the present 

invention, termed TiSil™ brand calcium silicate (5XPC12), 

FIG. 34 is a graphical depletion of the peaks found through the x-ray 

diffraction (XRC), at angle 20 , of the calcium silicate hydrate of the present 

invention, termed StiSil™ brand calcium silicate (5XPC 27). 



14 



wo 02/060986 PCTAJS02/03142 
DETAILED DESCRIPTION 

In the design of a process plant configured to manufacture both precipitated 

calcium carbonate (PCC) and calcium silicate hydrate. (CSH) in common equipment, 

it is important to understand the process variables in both the PCC manufacture 

process and the CSH manufacture process. An process flow diagram of our hybrid 

plant for the production of both PCC and CSH is shown in FIG. 1. 

Calcium Carbonate (PCO - Detailed Description of the Process Variables 

The basic chemistry for produciag calcium carbonates is well known, and the 
basic steps of calcination, slaking, and carbonation, were noted above. The following 
chemical reactions describe such basic steps: 

I. Calcination 

CaCOa 2732%> CaO + COat (1) 

II. Slaking 

CaO + HaO > Ca(0H)2 + AH (2) 

HI, Carbonatton 

Ca(OH)2 + C02 -^-> ' CaCOs-fHzO + AH (3) 

The conventional industrial process for production of precipitated calcium 
carbonate is performed by providing a slurry of approximately 200 g/L. of calcium 
hydroxide in an atmospheric pressure reactor, and then bubbling a gas stream 
containing carbon dioxide at about 15-20% by volume into the reactor. In 
commercially employed PCC production processes, reaction rates in the range of from 
about 0.5 grams per liter of calcium hydroxide per minute to about 1.5 grams per liter 
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of calcium hydroxide per minute are commonly employed. Thus, in prior art PCC 

batch production processes, the time required to complete the carbonation reaction is 

from approximately 120 to approximately 240 minutes. That relatively slow overall 

reaction rate results in a requirement for. large carbonation reactors (reactors in the 

18,000 to 20,000 gallon range are common), with the associated high capital costs. 

The invention of high speed manufacturing of PCC isbased on the ionic 

reactions involved in the manufacturing process as described below: 

SLOW (Keq=6.46 X 10'^) (4) 

FAST (lCeq=0,035) (5) 

SLOW(Keq-4.5xl0-^) (6) 

SLOW (Keq=4.7 X 10"^^) (7) 

The dissolution of Ca(0H)2 slurry into calcium ions is a slow process. The 
solubihty of lime in wat^ is inversely affected by the temperature of the slurry. For 
example, the solubility of pure CaO at 32 T is 0.14% and at 212 **F, it drops to 
0.05%. The dissolution of CO2 into water to give carbonic acid (equation 5) is fast, 
but the subsequCTt ionic reactions with hydroxyl ions to produce carbonate ions 
(CO3") are slow (equations 6 and 7). The fomiation of calcium carbonate takes place 
via the following ionic reaction: 

Ca"^ (aq) + C03"(aq) > CaCOa (solid) FAST (Keq=2.2 X 10^) (8) 

pH'-9.4 



Ca(0H)2(siun7) > Cer-^IOK 

CO2 (gas) + H2O > H2CO3 (aq) 

H2C03(aq) + OH' > HjO + HCO3" 

HCOs' + OET > H20-f C03^(aq) 
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In summaiy, the rate controlling miit operations in the manufacture of PCC are 
1) mass transfer of CO2 into water and 2) the dissolution of Ca"^ ion from the 
Ca(0H)2 slurry. 

In part, the present invention includes a process for increasing the rate of 
reaction by carrying out the carbonation reaction under pressure. This is 
accomplished in a specially designed reactor vessel, which can be operated under 
pressure. For the purpose of this invention, the following reaction variables, 
sequentially, are employed to set a desired rate of reaction, filler product morphology, 
shape, size, and optical properties (such as scattering power). 

1) Reaction Pressure 

2) Concentration of Carbon Dioxide 

3) Rate of Flow of Carbon Dioxide 

4) Concentration of Ca(0H)2 

5) Reaction Temperature 

6) Rate of Agitation 

The present invention involves carrying out the carbonation reaction between 
CO2 and Ca(0H)2 under pressure in a carbonation reactor which is a pressure vessel. 
This novel process involves bubbling CO2 into the Ca(0H)2 sluiry in reactor where 
the pressure can range from above atmospheric pressure to as much as about 100 psig. 
Preferably, the pressure in the reactor is maintained at up to^ about 30 psig, and more 
preferably, the pressure in the reactor is maintained in the range from ^out 15 psig to 
about 30 psig. Inert gas and any residual carbon dioxide not utiUzed (such loss is kept 
to an absolute minimum) in the reactor is routed via a vent line to the atmosphere. 
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By carrying out the carbonation reaction under pressure according to this 
invention, the reaction rate can be increased from the rate of about 0.5 to about 1 .5 
grams of calcium hydroxide per liter of slurry per minute to up to about 5 to about 15 
grains of calcium hydroxide per liter of slurry per minute. Thus, a production rate 
• increase of as much as 10 fold can be achieved. This dramatic increase in reaction 
rate, even when employed at moderate pressures or with lower concentrations of 
carbon dioxide, results in a decrease in carbonation time from the prior art range of 
120 to 240 minutes per batch (when conducted at atmospheric pressure conditions) to 
as low as 20 to 40 mhiutes per batch. Importantly, flie carbonation reactor can be 
sized less than 200 gallons capacity per ton per day of PCC output, and more 
preferably, less than 100 gallons capacity per ton.per day, and most preferably, less 
than 50 gallons per ton per day of PCC output 

In the novel process, described herein, key process parameters, such as reaction 
temperature, carbon dioxide partial pressure, flow rate of carbon dioxide, lime slimy 
concentration m the carbonation reactor, agitator speed in the carbonation reactor, can 
be more effectively employed, in order to (a) increase the rate of carbonation reaction, 
(b) increase the carbonation efficiency, i.e., carbon dio5dde utilization, and (c) to 
produce CaCOa particles of different morphology, shape, size, and size distribution. 

The pressure carbonation drives the overall reaction, by improving the Cp2 
mass transfer (COa" formation). The higher reaction pressure evidently also increases 
the solubilization of Ca(0H)2 slurry into calcium ions (Ca"*^. This results in a higher 
reaction rate, due to increased calcium ion availability, which in turn reduces the 
reaction time of calcium carbonate formation. 
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Since much higher reaction rates are achievable, for the same production rate 
of PCC, this novel PCC manufacturing process can be carried out using much smaller 
equipment and building size than used with prior art atmospheric PCC production 
equipment. Overall, even considering the additional equipment required in this 
5 process, such as the higher capacity gas compressor, an overall lower capital and 
operating cost is achievable. 

Another distinct advantage of this "pressure carbonation" invention is that it 
increases the efficiency of CO2 utilization. One of the most significant barriers to on- 
site PCC facilities is the large CO2 requirements with the conventional process. This 
10 process, however, is capable of using carbon dioxide in concentrations as low as 5 
percent by volume. Because the incoming gas stream is pressurized, and the partial 
pressure of carbon dioxide is increased in the aqueous solution, the pressurized 
carbonation reaction provides higher concentrations of CO3" ions, since the 
dissolution of CO2 is proportional to the partial pressure of CO2. Importantly, low 
15 grade carbon dioxide containing gases (including those id the 10.0% carbon dioxide 
by volume range) such as are available firom gas fired boilers, can be advantageously 
employed in on-site PCC production plants. 

Even when utilizmg low concentrations of CO2 (i.e., less than about 20 
percent by volume down to as low as 5 percent by volume, or lower), the utilization of 
20 the carbon dioxide may exceed 90%, and more preferably, exceed 95%,and most 
preferably, exceed 99%. 

The novel pressure carbonation process described herein for the production of 
PCC can also produce a wide variety of crystal habits, such as scalenohedral (Fig. 2), 
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rhombohedral (Fig. 3 and 4), a special "Stacked" rhombohedral (Fig. 5), or aragonite 

(Fig. 6), in differrat sizes, shapes, and aspect ratios. 

Finally, and very importantly, the PCC provided by the instant invention 

produces crystals which improve key paper properties, including porosity, density, 

5 bri^tness, and opacity. 

Calcium Silicate Hydrate fCSH> - Detailed Description of the Process Variables 
Metal Silicate Hydrates, specifically Calcium Silicate Hydrates, are generally 
prepared by a hydrothermal reaction.between a source of alkali metal ion, in this case 
10 calcium oxide, and a source of siliceous material, preferably fluxed calcined 

diatomaceous earth (FCDE). Other siliceous sources may be used, including natural 
silica, quartz, and sodium silicate. The alkali metal ion and siliceous material are 
reacted under high pressure in a sealed reactor and the general chemistry of that 
reaction is as follows: 

15 

L Lime Slurry Formation 

CaO + HaO —> Ca(0H)2 
Ca(0H)2 > Ca'^ + 2(0H) 

20 n. SOica Slurry Formation 

(Si02),, + 2nH20 > nSi(0H)4 (11) 

m. Hydrothermal Reaction 

x[Ca^ + 2(0H)-] + y[Si(0H)4] > (CaOUSi02)y(x+y)H20 (12) 



(9) 
(10) 
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where x = 1 to 6 
y=lto6 

In the actual manufacturing process, the steps described below are generally 

taken. 

5 

Lime Slurry Formation 

Lime slurry is prepared according to the slaking process previously described 
above, with one exception. Here, the lime slurry is not cooled. Instead, the hot lime 
slurry (approximately 200 °F) is screened and transferred directly to a high pressure 
10 vessel. It should be noted that the solubility of calcium hydroxide is very low in 

water and is inversely proportional to the temperature of that water. For example, the 
concentration of CaO, m pure water, at 32°F is reported to be 0.14%. When the 
temperature of the water rises to boiling, 212PF, the solubility of the lime falls to 
0.05%. 

15 

Siliceous Slurry Formation 

Various siliceous materials such as quartz, water glass, clay, pure siUca, 
natural silica (sand), diatomaceous earth, fluxed calcined diatomaceous earth, or any 
combination thereof can be used as a source of siliceous material. An ultra fine grade 
20 of fluxed calcined diatomaceous earth (FCDB) was taken and made into a slurry of 
--1.22 lbs/gallon water. The slurry was then preheated to near boiling. The solubility 
of siUca/quartz, imlike that of Ca(0H)2, is directly proportional to temperature. For 
example, quartz is only slightly soluble up to 212 "^F. From 212 ^'F to 266 ^F, it starts 
solubilizing, and around 5 1 8 '^F (270 ^^C), it reaches its maximum solubility of 
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'-0.07%. The dissolution of silicas can be represented as per the reaction described in . 
equation 1 1 . The solubility of silica can be increased by raising pH and by using 
various additives (i.e. sodium hydroxide). In addition silica solubility ia also a 
-fiinction of particle size, thus the reason for using ultra jBne fluxed calcined 
5 diatomaceous earth (FCDE). 

Hydro-thermally reacting the two slurries 

First, the amount of CaO in the Ihne slurry and the amount of Si02 in the 
diatomaceous earth slurry were adjusted to give apredeteraiined CaO/Si02 mol ratio, 
10 Second, the concentration of the two slurries (CaO and Si02) and the final 

♦ 

concentration of the mixture were adjusted so as to have a final concentration in the 
autoclave between 0.2 and 1 .0 lbs/gallon. 

The reaction itself was carried out in a pressurized vessel, with three major 

steps: 

15 

1) Heating the slurry to the desired temperature (e.g. 356 °F to 572 °¥) 

2) Reacting at temperature for a specified time (e.g. 60 min to 240 min) 

3) Stopping the reaction and cooling down (e.g. 25 min to 30 min) 

20 The autoclave was cooled down by passing quenching water through an 

internal cooling coil or an external jacketed cooling system. The cool down process 
took approximately 30-60 minutes to drop in temperature fi-om 446 "^F (230 °C) to 
176°F(80°C),seeFig7. 
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The steps mentioned above are very important for this process. Thus, 
■ recognition of the inverse solubilities of lime aiid silica with respect to temperature 
and time have been utilized in an ejBFort to produce the desired composition and 
various forms (mixtures) of calcium silicate hydrate material. Without limiting the 
5 invention to any theory, it can be postulated that the following reaction occurs during 
flie hydrothennal reaction between calcious material and siliceous material. 

The solid Ca(0H)2 particles react with SiOa in the gel phase to give a calcium 
silicate hydroxide whose crystallochemical stmcture can be written as 
Ca6SiisOi7(OH)2 (Xenotolite). As the temperature is further raised from 356 °F to 482 
10 calcium siUcate hydride condenses witii the remaining Ca(0H)2 particles to give 
yet another calcium silicate hydroxide, this time with a distinct X-ray diffrartjnri 
pattern and a crystallochemical formula of Ca4(Si03)3(OH)2 (Foshagite). 

Thus, this process can^produce not only single phase, but also multiple phase 
calcium silicate hydrates. A wide variety of silicate hydrates can be prepared by 
1 5 manipulating the following process parameters: 
. 1) Lime/Siiica ratio 

2) Reaction Temperature 

3) Slurry Concentration 

4) Reaction Time 

20 5) Heating and Cooling Sequence 

By changing these variables, several different phases of calcium silicate 
hydroxide can be produced. Some of these phases may include: 
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X-ray DijBfraction peaks at 28 

Formula Morphology Major Minor 

Ca4(Si03)3(OH)2 Foshagite d=2.93 A, d=2.16 A, d=^.96A 

Ca6Si60i7(OH)2 Xenotolite d=3.02 A, d=2.04 A, d-8.50A 

5 Ca5Si60i7(OH)2 Riversideite d=3.055 A, d=3.58 A, d=2.80 A 

CaCOa Calcite d=3.04A d=2.10A 

The final composition may also contain minor amounts of calcite - aragonite, 
produced as a result of side reactions. The two main filler products provided herein 
10 include (a) varying amounts of mixtures of foshagite [Ca4(Si03)3(OH)2] and 

xenotolite [Ca6Si60i7(OH)2] for ultra high opaque (TiSil brand calcium silicate) and 
(b) varying amounts of mixtures of riversidite [Ca5Si60i7(OBr)2] and xenotoUte 
[Ca6Si60i7(OH)2] for ultra high bulk (or StiSil brand calci"um siUcate). 

1 5 X-ray Diffraction Pattern 

A unique X-ray diffraction pattern of each of the products, TiSil ™ brand 
calcium silicate and the StiSil™ brand calcium silicate, are given in FIGS. 33 and 34, 
respectively. 

20 X-Ray Dififraction of Calcium Silicate 

The crystallochemical formula of the mixture and their characteristic "d" 
.spacing are given below: 

Foshagite Ca4(Si03)3(OH)2 d=2.97A, d=2.3lA, d=5.05A 

(Phase I) (Major) 
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Xenotolite Ca6Si60i7(OH)2 



d-3.107A, d=1.75A, d=3.66A 



(Phase H) 



(Minor) 



Scanning Electron Micrographs, Fig. 8 through 11 



The scanning electron micrographs ("SEM*') of the unique silica products 
provided, namely the ultra high opaque, TiSil™ brand calcium silicate, and ultra high 
buUc, StiSil™ brand calcium silicate, are given in Figs. 8 and 9 for TiSil ™ brand 
calcium silicate and Figs. 10 and 11 for StiSil ™ brand calcium silicate. Both high 
and low magnifications are provided. As the figures indicate, the products consist of 
primary particles and secondary particles. The primary particles of ultra high opaque, 
TiSil brand calcium siHcate have a diameter between 0.1 and 0.3 microns and a length 
between 1.0 and 4.0 microns. Fig. 8 indicates that the primary particle has two 
phases. The first has a rod or ribbon like structure characteristic of xenotolite 
(Ca6Si60i7)(OH)2 while the predominant structures are thin and fibrous, characteristic 
of foshagite (Ca4(Si03)3(OH)2). The diameter of the foshagite crystals ranges firom 
0.1 to 0.3 microns and the length is ranges from 2.0 to 5,0 microns. 

The second product or composition of matter, the ultra high bulk StiSil brand 
calcium silicate, as shown via SEM at 1500x magnification in Fig. 9, reveals a 
secondary, 3-D, structure. This 3-D structure is formed by the interlocking of the 
fibrous material and the continuous growth of the "gel" like material at the 
intersection of the individual particles. This may be the reason that the secondary 
structure is fairly stable. The secondary Structure can generally withstand the shear 
forces encountered during the discharge of material firom pressure vessels after the 
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reaction has completed. The secondaiy stmcture also maintains its "bulk density" 

during some of the papennaking processes such as refining and calendering. 

The particle size of secondary structure as measured by particle size 

measuring devices like the Malvem Mastersizer is in the range of 10-30 microns. 

Light Scattering Properties 

The jrefiractive index of these calcium silicate particles as reported in the 
Uterature is between 146 and 159, however, these particles exhibit much higher 
scattering coefficients, eqjecially the ultrahigh opaque TiSil brand calcium silicate, 
as compared to materials of similar refi^active indexes. 

Brightness 

The calcium silicate hydroxide mixture of provided (ultra high opaque, TiSil 
brand calcium siKcate) also has very high brightness characteristics. A comparison 
with other pigments is given id below in Table 1 : 



Table 1: Various pigments and their typical brightness values 



Pigment 


GE (TAPPI) Brightness (%) 


Calcium Silicate Hydrate (TiSil) 


95-97 


Calcined (High Brightness) Clay 


89-91 


Filler Clay 


85-88 


Calcium Carbonate 


96±1 



26 



wo 02/060986 PCT/US02/03142 

Water Absorption 

One of the most significant characteristics of the multiphase calcium silicate 
hydrates provided and described herein is the ability of these multiphase calcium 
silicate hydrates to absorb large amounts of water. These calcium silicate hydrates 
can adsorb anywhere from 350% to 1000% of their weight. This high water 
absorption capacity makes the pigment extremely well suited for preventing ink strike 
through in writing and printing papers, newsprint and more. 

Pigment Bulk Density 

Both of the calcium silicate hydrates are characterized by having very low 
bulk density values (10-15 Ib/ft^). An indication of bulk density is given by the 
weight of material- occupying a fixed volume ia a special cell (as measured by Blaine 
Method for Surface Area determination). 

Pigment Air Permeability 

Despite the low bulk density, these calcium sihcate hydrate products also have 
a low air permeability (as measured by Blaine Method for Surface Area 
determination). 

Summary of the Invention - Process and Equipment 

This patent pertains to the methods, process conditions, and equipment 
required for the high speed manufacture of precipitated calcium carbonate (FCC) and 
the production of calcium silicate hydrate (CSH), having a novel structure and 
composition of matter, employing common manufacturing equipment. 



27 



wo 02/060986 



PCT/US02/03142 



Principal raw materials are: 

1) Quicklime 

2) Silica Source (For this invention, fluxed calcined, diatomaceous earth was used) 

3) CO2 (either liquid, gaseous, or from flue gas) 

4) Steam (High pressure steam from about 50 to about 600 psig for heating) 

The following is the manufacturing process common for both precipitated calcium 
carbonate and calcium silicate hydrates (CSH). 
Step I - Slaking of Quicklime 

The purpose of slaking is to form a lime slurry, from quicklime and water, 
which is capable of reacting with other chemicals. To accomphsh this, quicklime and 
water are mixed, either in a batch or continuous process as per the methods and 
reactions described in equation 2. 

Step n - Manufacture of High Speed Precipitated Calcinm Carbonate rSPCCl 

In order to form PCC, the slaked lime must be allowed to react with a CO2 
source. Typically, this requires the bubbling of either C62 or CO2 containing flue gas 
through the slaked lime slnrry. During that bubbUng, the gaseous CO2 is dissolved by 
the aqueous media, forming carbonic acid. The carbonic acid in an alkaliae medium, 
disassociates into carbonic ions, which, react with hydroxyl ions to yield carbonate 
ions, as per the reactions described m equations 5, 6, and 7. During the carbonation 
process, the carbonate ions react with the aheady present calcium ions to form 
calcium carbonate, as per the reaction described in equation 8. 
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In the novel process of manufacturing precipitated calcium carbonate via 

"pressure carbonation," the rate of dissolution of CO2 into water is increased 

considerably by carrying out the reaction under "pressure," in pressurized reactors. "In 

addition to increasing the rate of reaction, the use of a pressurized reaction vessel also 

raises the efficiency of CO2 utilization and thus, the carbonation efficiency of the 

reaction. The super atmospheric pressure may also increase the availability of Ca"*^ 

ions. 

Manufacture of Calcium Silicate Hvdrate fCSBH 

The multi-phase calcium silicaite hydrates products disclosed include at least two 
distinct crystallochemical phases and are produced by reacting the hot slaked lime 
slurry, described above, with another hot slurry of fluxed calcined diatomaceous earth 
(FCDE), under carefiiUy selected conditions of high temperatures and pressures. 
Several different compositions oif matter, structure, and key performance properties of 
such calcium sihcate hydrates were produced by manipiilating the following reaction 
parameters: 

1) Lime to Silica Mole Ratio 

2) Concentration of Lime / Silica slurry 

3) Reaction Temperature 

4) Reaction Pressure 

5) Process Conditions 

• Time to heat up to reaction temperature 

• Time at reaction temperature 

• Time to cool down from reaction temperature 
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One of the factors which makes the process conditions so critical to the proper 

calcium silicate hydrate formation, is the inverse solubility relationship which silica 

shares with calcium hydroxide with respect to temperature. As sihca is heated, its 

solubility in water increases up to a maximum of 0.07% at -518 °F. The solubility of 

5 lime, on the other hand, decreases with increasing temperature. Thus, at different 

times and at different temperatures, during the reaction, the available lime and silica 

ratios are constantly changing, which is the novelty of this process to produce the 

multiple phase calcium silicate hydrates. The chemical reaction is described in 

equations 11 and 12 above. 

1 0 Without limiting this invention to any particular theory, it can be postulated 

that the reaction proceeds throu^ several steps. First, the Ca(0H)2 particle reacts 
with SiOi in the gel phase to yield a calcium silicate hydroxide having an approximate 
crystallochemical fonmula as Ca6Si060i7(OH)2 (xenotolite). As the temperature is 
raised beyond 180°C to about 250**C, calcium hydroxide condenses with the 

1 5 remaining (Ca(0H)2) calcium hydroxide particles to give a calcium sihcate hydrate 
with a distinct crystallochemical formula Ca4(Si03)3(OH)2 which was identified by its 
characteristic x-ray diffiraction pattern as having a mineral name of foshagite and a 
unique primary fibrous structure, interlocked into a secondary haystack structure (see 
Fig. 9). 

20 . 

Process and Equipment for Manufacturing Multiple Pigments 
Namely Calcium Carbonate and Calcium Silicate Hydrates 
Lab Scale 
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Step I - Slaking of Lime 

Here, approximately 30 to 300 grains of market quality, V2" rotary pebble type 

lime was added slowly to approximately 1.0 liter of water under constant agitation. 

The time taken in the slaking process was approximately 30-45 minutes. Since the 

slaking of lime is an exothermic process, the calcium hydroxide slurry reached a 

temperature of between 150 °F and 212 This temperature increase was dependent 

on the 'Veactivity" of the lime and the concentration of the slurry. The resulting 

calcium hydroxide slurry was then screened, usually through a 140 mesh standard 

screen. 

For the manufacture of precipitated calcium carbonate, the slurry was usually 
cooled to a pre-selected temperature ranging from SOT to about 122T. For the 
manufiacture of calcium silicate hydrate, the slurry was used while still at an elevated 
temperature, in order to facilitate the hydrothermal reaction. 
Step n - Preparation of Calcium Carbonate 

As mentioned earlier, this step is normally carried out imder atmospheric 
pressure in a non-pressurized, vented reactor vessel. The key feature of this process, 
however, is that the carbonation reaction is carried out mder super-atmospheric 
conditions, using sealed and pressurized reactor equipment. The reactor used in the 
lab was a specialized, high pressure, high temperature, 2 liter reactor vessel. It was 
fitted with an outside jacketed heata: and internal cooling coil system. The reactor 
was also fitted with a Rustin 200 impeller. The agitator/impeller was connected to a 
variable speed magnetic drive motor. Additionally, the pressure vessel was fitted with 
a sample/dip tube and a vent system used to maintain pressure at a desired level. The 
completely assembled reactor was capable of pressures up to lOOOpsig. All heating 
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and cooling processes of the reactor were controlled via an external controller (RX- 

330). 

Carbonation Reaction Under Super-Atmospheric Pressures 

The slurry, at a predeteimined temperature (50T to approximately 122°F), was 
5 sealed inside the reactor vessel. Then a mixture of CO2 and N2 was bubbled through 
it and the pressure was raised to a specific level between 0 and 100 psig. The ratio of 
CO2 to N2 was varied to simulate flue gasses firom the lime kihi in a pulp mill 
(generally the main source of CO2 in on-site PCC plants). The flow rate of the gas 
was monitored and controlled using mass flow meters. Flow rate, along with other 

10 variables such as agitation speed, reaction temperature, reaction time, and Ca(OH)2 
concentration were varied in an effort to meet the desired reaction rate and CO2* 
ef&ciency. This m turn, produced PCC of different particle sizes (0.1 to 3.0 microns) 
and shapes with surface areas ranging from 20,000 cm^/g to 100,000 cm^/g (as 
measured by the Blaine method). It also produced dififermt particle morphologies, 

15 such as scalenohedral, rhombohedral, etc. In the lab reaction, the CO2 concentration 
was varied from as little as 5 .0% CO2 to 100% GO2. The novelty of this pressure 
carbonation process is that it can use as little as 5.0% CO2 and still produce 
commercially viable PCC. This is particularly advantageous for non-integrated paper 
mills which do not have a lime kiln producing flue gas to use as a source for 15% - 

20 20% concentratiori CO2. This novel process also lends itself to manufacturing PCC in 
an integrated paper mill utilizing mechanical pulp. (The mechanical pulping process 
does not incorporate a lime Idhi and therefore does not produce any flue gas for use as 
a CO2 source). 
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The CO2 flow rate was varied from 0.5 liters per minute to about 5.0 liters per 

minute. The starting reaction temperature raaged from 50°F to 130T» Ahighei- filial 

temperatm*e was attained after the carbonation reaction was completed due to the 

exothemiic nature of the carbonation reaction. The rate of agitation, which is 

5 important for mass transfer of CO2, was varied from 600 rpm to 1 500 rpm. Some 

reactions were carried out under isothermal conditions where by the excess heat of 

carbonation was removed be activating the cooling coils. By manipulating the above- 

refenred to reaction parameters, production of some unique PCC structures were 

possible, mcluding the "stacked" crystal structure illustrated in FIG. 5 , Also, 

10 production of a full range of crystal morphologies like scalenohedral, rhombohedral, 
and aragomte, in different sizes, sh^es, and surface areas is achievable Another 
advantage of this pressure carbonation was that the reaction rates were increased from 
approximately 0.5 g/l/min to the range of about 5 to as much as 15.0 g/l/min. This 
enabled the reduction of the reaction time from 120min (conventional process) to 

15 from about 20 to about 40 minutes. One of the most significant outcomes of this 
development is that, due to a shorter reaction time, the PCC manufacturing can be 
carried out in a semi-continuous or fiilly continuous mode. Finally, an important 
development provided by this disclosure is that the process and equipment design 
allows the same process equipment to be employed for the manufacture of both the 

20 precipitated calcium carbonate and for calcium silicate hydrate. 

Step 3 - Lab Preparation of Multiphase Calcium Silicate Hvdrates fCSH) 

• Hot lime slurry from step 1 (slaking process) above, was placed in an 
autoclave identical to the one described in step 2 (lab preparation of calcium 
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carbonate). The amount of lime slurry generally ranged from about 40 to about 80 
grams dry weight, depending upon the desired lime/silica ratio and final slurry 
concentration. At the same time as the slaking was being performed, a slurry of 
siliceous material (i.e. SiOa slurry) was also being prepared. 
5 To prepare the siliceous slurry, 20 to 90 grams of the silica source was added 

to water such that the approximate concentration was 1 .2 Ib/gallon. The slurry was 
then heated to near boiling and transferred into the autoclave with the fiilly "slaked" 
lime. The reaction vessel containing the two slurries and any other additives/catalysts 
were closed and heated using the electrical heaters attached to the autoclave. The 

10 ■ heating and subsequent cooling cycle was pre-selected and was one of the 
determining factors in the reaction product formed 

One of the products provided was a multiphase "CSH" product with its major 
component being foshagite accompanied by a minor component of xenotolite. The 
second product of this process was a multiphase "CSH" product with its major 

15 component being riversidite. The process conditions required for the manufacture of 



the 


foshagite (fibrous, haystack structure) products were as follows: 


1) 


Lime/Silica Mol Ratio 


-1.33- 1.5 Ca0/SiO2 


2). 


Slurry Concentration 


-'0.5 --0.75 lb/gal 


3) 


Reaction Temperature 


-446 T -482 T 


4) 


Reaction Pressure 


~475-500psig 


5) 


Reaction Time 


-1.5 -2.5 hours 



The process conditions for the second structure of the calcium sihcate hydrate 
(CSH) product of the process (riversidite), were as follows: 
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1) Lime/Silica Mol Ratio 

2) Lime/Silica Sluny Concentration 

3) Reaction Temperature 

4) Reaction Pressure 
5 5) Reaction Time 



PCT/US02/03142 
-0.75 -0.85 CaO/Si02 

--0.5 -0.8 lb/gal 

--338 392 T 

-'ISOpsig 

--1.5 -2.5 hours 



After the hydrothermal reaction had reached completion, the reactor was cooled 
by passing quenching water through an internal cooling coil. A cooling time of about 
25 to about 30 minutes was usually used to bring the reactor from its reaction 
10 temperature of 356^F to about 482T. 

Another important aspect of this process is that the different ratios of the 
Ca(0H)2 and silica are available in the different time and temperature zones, thus 
. resulting in a multiphase calcium silicate hydrates.. These multiphase sihcates have a 
unique structure and represent a novel composition of matter. Importantly, these 
15 products also have the desirable characteristics of a low density, high brightness, 
fibrous structure and the ability to absorb large amounts of water and oil. These • 
characteristics are especially useful in the manufacture of paper because tiiey give 
paper certain companion properties hereto unattainable. For example, the 
foshagite/xenotohte product gives a sheet of paper higher bulk than conventional 
20 fillers (i.e. calcium carbonate) while at the same time increasing stif&ess, tensile 
index, smoothness, porosity, and opacity. 

Several other calcium silicate hydrates can easily be made by changing the 
lime/silica ratio, slurry concentration, reaction temperature and reaction time. The use 

35 



wo 02/060986 PCT/US02/03142 
of different additives like NaOH, sugar, and chelating compotmds can also create 

more diversity of product. 

Plant Design and Manufacturing Processes to 
5 Produce Both Precipitated Calcium Carbonate and Silicate Hydrates 

This section refers to the process flow diagram designated Fig. 1, which 
illustrates the manufacturing of precipitated calcium carbonates and multiphase 
calcium sihcate hydrates, interchangeably, in common process equipment. 

Calcium oxide, or quicklime (2), is deUygred by rail car or truck to the mill 
10 site. The lime is then unloaded into a lime storage silo (T-0 1) via a pneumatic 

conveyor. A feeder transports the stored lime to the slakiag tank (T-1 1). Water (1) is 
' then added to the slaking tank at a controlled rate to achieve a desired final 
concentration. Once the slaking is complete, the hot lime slurry (3) is pumped 
through a hi^ pressure pmnp (P-1 1) to a heat exchanger (HE-1 1) to cool down the 
1 5 slurry to the desired temperature for the manufacture of precipitated calcium 

carbonate in a carbonation reaction. The lime slurry is then screened through about a - 
140 mesh screen (S-1 1). The cool slaked lime slurry (temp 81*'F to about 120°F) is 
then pumped by another high pressure pump (P-13) into a reactor (T-3 1 or T-32). The 
slurry can also be further cooled to between 50°P and 60°F through the use of a chiller 
20 (CH-15) if the desired carbonation temperature needs to be m that lower range.. 

Importantly, such a low temperature is a key requirement for the manufacture of the 
rhombohedral crystal structure PCC. 

Another important ingredient requhed for the production of PCC is carbon 
dioxide (CO2). CO2 gas (8) can be obtained from taking Uquid CO2 from a storage 
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tank (T-04) and steaming it through a heat exchanger (HE-03) to get gaseous CO2. 
The CO2 gas is then metered through (M-03) into the carbonation reactors T-3 1 and 
T-32. CO2 gas can also be obtained from lime kiln flue gas which contains from 
about 15 (or less) to about 20% (or more) by volume of CO2; This hot flue gas is 
5 passed through a quencher (T-03) to bring the temperature down. The now cool gas is 
then compressed (C-03) and passed through a water/gas separator (S-03). Once the 
gas is free of moisture and impurities, it can also be metered through (M-03) and . 
bubbled into the carbonation reactors T-31 and T-32. 

10 Carbonation Process 

The key to this novel aspect of the process is the carbonation of slaked lime 
slurry under super atmospheric pressure, the reaction can be carried out in a batch 
mode or under semi- and fiilly- continuous conditions. 
Batch Pressure Carbonation Process 

1 5 Here, lime slurry is pumped into one of the reactors (T-3 1 or T-32) and CO2 

gas is bubbled through the bottom of the reactor. The reaction is carried out under 
pressure, ranging from 3 psig to 70 psig. Due to the high pressures, the rate of 
dissolution of CO2 in water is increased substantially. This, in turn, increases the 
concentration of CO^' ions and therefore increases the rate of the entire carbonation 

20 process (see lab scale carbonation process description above). The reaction 
carbonation temperature can be pre-selected depending upon the product 
requirements, e.g. a paper mill requests high opaque/high brightness PCC. The other 
process conditions like agitation and flow of CO2 are also adjusted to achieve the 
desired PCC product. The concentration of the lime slurry can also be varied from 15 
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grams per liter to 300 grams per liter to get different PCC products of various shapes, 
sizes, and morphologies. 



Continuous Carbonation Process 

The reaction time for complete carbonation of slaked lime is approximately 2- 
2,5 hours / batch in the conventional process. The use of the pressure carbonation 
process allows for continuous carbonation because the process reduces the time of 
carbonation to between 20 and 40 minutes. Therefore, the carbonation process can be 
carried out in a continuous mode. To do so," the slaked lime slurry first enters from 
the top of one of the reactor vessels (either T-31 or T-32) and CO2 is bubbled up 
through the bottom of the same vessel. The rate of lime slurry addition and CO2 
addition is then balanced such that it takes approximately 20 minutes to fill the first, 
reactor. The partially carbonated slurry is then passed into the second reactor (either 
T-32 or T-31, respectively) and the carbonation process is completed in the same 
manner that it began in the first reactor. The final precipitated calcium carbonate is 
then discharged through the bottom valve (either V-32 or V-3 1, respectively). The 
completed PCC is screened through a~140 mesh screen (S-41), transferred directly to 
a storage tank (T-62), and is ready to be pumped to the mill site at the customer's 
request. 

Manufacture of Calcium Silicate Hydrate 

For the manufacture of calcium silicate hydrate, the main raw material, other 
than lime, is a silica source (5). The silica source, such as quartz, pure sihca, or 
fluxed calcined diatomaceous earth (FCDE) is dehvered in trucks or by rail to the 
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manufacturing facility. The FCDE is stored in a silo (T-02) until it is needed, at 

which time, it is transferred into a slurry preparation tank (T-12). Here, a 

predetermined quantity of water (4) is mixed thoroughly with the FCDE through the 

use of a high shear mixer (M-12). The mixed slurry is then screened for impurities 

through a screen, preferably about 200 mesh (S-13) before being pumped (P-12) into 

the pressure reactor (T-31). Hot lime slurry (3) is then added. Additives as desired 

can also be input at this step. The hydrotherinal reaction is carried out for 

approximately 2 to about 2.5 hours. The final product is usually a multiphase calcium 

sihcate hydrate and is discharged through a valve (VA-36). The slurry is then passed 

through a heat exchanger (PH-41) to both cool the CSH product and preheat the 

incoming FCDE for the next batch. In this way, we are able to maximize the heat 

efficiency during the production process. Once cooled, the CSH slurry is screened (S- 

41) and placed in a batch holding tank (T-41) and then in a silicate storage tank (T-61) 

and firom there it is pumped to the mill as necessary. 

While silicate firom reactor T-31 is discharged through the heat exchanger 

(PH-41),. firesh FCDE slurry is pumped in counter current flow through the same heat 

exchanger (PH-41) and into the second reactor vessel (T-32). Hot slalced lime is also 

added to the reactor vessel (T-32), along with any additives, and the hydrothermal 

reactions previously carried out in reactor T-3 1 are now performed in T-32. Once the 

reactions in T-32 are complete, it is discharged and passed through the heat exchanger 

(PH-41) in the same manner as the previous CSH stream, except that the fresh FCDE 

is now used to fill reactor T-3 1 . A suimnary of the timings for each stage in the cycle 

is shown below: 
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Time to Fill a reactor with FCDE and lime 



-45111111 



Time to Heat a reactor to the reaction temperature 



-^eOmin 



Reaction Time at reaction temperature 



-120min 



Time to Discharge CSH from the reactor 



'-45 min 



Total Time required for one complete cycle 



-240 min 



Thus, the pressure reactors can be alternately filled and discharged with 
silicates in four hour cycles. 

Experimental Apparatus 

The following examples, with the exception of examples. 13 and 14, were 
canied out in a 2-liter autoclave, capable of withstandiiig pressures }xp to lOOQpsig. 
The autoclave was fitted with an extemal, electric heating jacket and internal, running 
water, cooling coils, both of which were controlled by an external, dedicated 
controller (RX-33Q). In addition, the contents inside the autoclave were agitated 
through the use of a magnetic drive motor and standard (flat blade for SPCC process, 
pitched blade for CSH process), dual impellers. The autoclave was also fitted with a 
vent, for regulating pressure, and a dip-tube, for taking samples from the autoclave 
under pressurized conditions. For examples 13 and 14, a 5-liter autoclave was used. 
Again it was fitted with an extemal, electric heating jacket and internal, running 
water, cooling coils, both controlled by an extemal, dedicated controller (RX-330). A 
magnetic drive was used in conjunction with standard, dual pitched blade impellers 
for agitation purposes. The 5-liter autoclave was also fitted with a vent, for pressure 
regulation purposes. 
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Examples of Precipita ted CalmnTTi Carbonate Using *TPressure Carbonation" Process 



Example 1 - The EflFect of Pressure in a Pressitre Carbonation System on Reaction 
Rate> Carbonation Efficiency, and Surface Area of PCC 

In a series of experiments, the carbonation reaction pressure was raised fiom 0 
psig (as done with a conventional . open tank PCC system) to 70 psig. The reaction, 
temperature was kept constant at 100 °F and the % CO2 was kept constant at 20% 
CO2 / 80% N2 by volume. The resulting experimental data is given in Table 2. The 
resulting reaction rate at 0 psig was 4.6 grams per liter of slurry per minute. In the 
pressure carbonation system operating at 70 psig, it was 6.1 grams per liter per 
minute. The increase in reaction rate was approximately 33%. The carbonation 
eflBcimcy, i.e., carbon dioxide utilization, increased from 76% to 100%. The surface 
area (Blaine) of the PCC produced by this process increased from 3 1,400 cmVgram at 
0 psig, to a maximum of 40,200 cm^/g at 50 psig", and then decreased slightly to 
35,500 cmVg at 70 psig. See FIGS. 12, 13, and 14. 



Table 2: Effect of Pressure on Reaction Rate, Carbonation Efficiency, 
and Surface Area 



B 
atch # 


Pressure 
(psig) 


Reaction 

Rate 
(g/L/min) 


Carbonation 
Efficiency (%) 


Surface Area 
(cmVfi) 


135 


0 


4.6 


77.379 


31,400 


136 


10 


5.2 


86.308 


33,200 


146 


20 


5.6 


88.000 


38,700 


137 


30 


5.6 


93.500 


37,200 


143 


30 


5.6 


95.489 


36,800 


138 


50 


6.0 


97.565 


40,200 


148 


60 


5.9 


102.000 


36,300 


139 


70 


6.1 


97.565 


35,500 
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Example 2 - The Effect of Temperature in a "Pressure Carbonation" System 

As in example 1, the slaked lime was placed into a reactor at a slurry 

concentration of 250 grams of calcium hydroxide per liter. The starting carbonation 

temp^ature was varied from 65 to 125 °F. A first set of reactions was carried out 

5 under conventional atmospheric pressure or open PCC type system conditions at 0 

psig. The next set of reactions was carried out imder a pressure of 30 psig. A gas 

mixture of 20% carbon dioxide and 80% nitrogen by volume was bubbled through the 

reactor. Theflowof carbon dioxide was at the rate of 1,5 liters per minute. The 

reaction rate was calculated by titrating. Ca(0H)2 at the beginning and end of the 

1 0 reaction. As the reaction proceeded, the reaction temperature increased, with the 

temperature starting at 100 and ending at 163 ^F. The end of the reaction was 

indicated when the temperature reached a maximum and then declined. The point of 

inflection in liie temperature curve was taken as the completion point of the 

carbonation reaction. 

15 The carbonation reaction conditions and the resulting experimental data for 

the non-pressurized and pressurized systems are shown in Tables 3 and 4, 
respectively. The reaction rates at varying temperature, for a prior art atmospheric 
system (0 psig) are shown in FIG, 15. The corresponding reaction rates for 
"pressurized carbonation" system operating at 30 psig are also shown in FIG. 15. The 

'20 graphs indicate that in the pressurized carbonation process, the reaction rates steadily 
mcreased as a function of temperature. On the other hand, the data indicated that the 
reaction rates, as a function of temperature in an open system (at 0 psig), increased 
only gradually as temperature was raised, from approximately 4.4 grams per liter per 
minute to 5.0 grams per liter per nunute until the temperature reached about 1 00°F. 
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.However, FIG, 15 shows that as the temperature .was increased beyond 100 °F, the 

rate of reaction decreased to 4.4 grains per liter per minute. 

As indicated in FIG. 1 6, similar results were observed with respect to carbon 
dioxide utilization efficiency. The carbon dioxide utilization efficiency in the 
pressurized system increased significantly as the temperature was increased from 
about 60®F to about 120°F. As can be seen in FIG. 16, with carbonation occurring at 
30 psig, the carbon dioxide utihzation efficiencies were in the range from slightly 
above 80% to about 100%. In an atmospheric system (operating at 0 psig) the 
carbonation efficiency was lower, ranging from about 74% to about 84%. 

Overall, a pressurized carbonation system provided a higher reaction rate 
throughout the whole range of operating temperature. The surface areas of the 
produced PCC, as measured by Blaine for both the pressurized and non-pressurized 
systems, at different temperatures, is provided in FIG. 17. In both systems, the 
surface area of the product decreased as the reaction temperature was iacreased. The 
surface area of calcium carbonate decreased from approximately 44,000 cm^/g to 
22,000 cm^/g. Importantly, the controUabihty of surface area via temperature was 
more linear under pressurized carbonation (30 psig) conditions. 
Table 3: The Effect of Temperature on Reaction Rate, Carbonation 
Efficiency, and Surface Area in a Non-Pressnrized System. 





Temperature . 


Pressure 




Reaction 


Carbonation 


Surface Are? 


Batch # 


CF) 


(psig) 


%C02 


..Rate(g/L/m) 


Efficiency (%) 


(cm%) 


175 


70 


0 


20.0 


4.40 


77.4 


42,100 


174 


80 


0 


20.0 


4.20 


74.8 


44,700 


173. 


90 


0 


20.0 


4.75 


81.6 


42,800 


172 


100 


0 


20.0 


4.96 


81.6 


33,800 


169 


106 


0 


20.0 


4.70 


84.7 


34,500 


170 


110 


0 


20.0 


4.60 


80.14 


23,900 


171 


120 


0 


20.0 


4.40 


76.1 


23,000 
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Table 4: The Effect of Temperature on Reaction Rate, Carbonation Efficiency, 

and Surface Area in a Pressurized System 





1 cinperaLurc 


Pressure 




Reaction 


Carbonation 


Surface Arez 


Batch # 


CP) 


(Psig) 


% CO2 


Rate (g/L/m) 


Efficiency (%) 


(cmVg) 


127 


65 


30.0 


20 • 


4.82 


81.6 


52,700 


129 


70 


30.0 


20 


5.30 


91.6 


42,000 


130 


80 


30.0 


20 


5.16 


88.0 


41,500 


128 


90 


30.0 


20 


5.40 


91.6 


. 43,100 


133 


100^ 


30.0 


20 


5.30 


93,5 


36,100 


131 


106 


30.0 


20 


5.72 


95.5 


27,800 


132 


110 


30.0 


20 


5.93 


99.7 


24,100 


134 


120 


30.0 


20 


6.10 


100.0 


22,100 



Example 3 - The effect of VoCOo Concentration on Reaction Rate, 
5 Carbonation Efficiency, and Surface Area 

- In this series of experiments, the concentration of CO2 was varied fiom 5.0% 
CO2 / 95% N2 to 100% CO2 / 0% N2. , by volume. Olher reaction conditions were 
kept constant at the following levels: 

Flow of CO2: 1 .5 liters per minute 

10 Carbonation Reaction Temp.: . 100 T 

Ca(OH)i Concentration: --260 grams per liter 



The results of the measurements of the reaction rate, carbonation efficiency, 
and PCC surface area for a non-pressurized and pressurized system are given in 
15 Tables 5 and 6, respectively. The results are also graphed in FIGS. 18, 19, and20. 

It is evident from FIG. 18 that when the entering gas stream contains only 
5.0% CO2 , the reaction rate is almost doubled by using "pressure carbonation" PCC 
production with a gauge pressure of 30 psig. As indicated in FIG. 20, the surface ' 
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area comparison between batch #140 and batch #149 also indicates the formation of a 
finer PCC particle size using the "pressure carbonation" technique. 

Also, as the concentration of carbon dioxide increased, the reaction rates 
increased. Similarly, the carbonation efficiency increased with increasing CO2 
concentration. The particle surface area also increased with CO2 concentration 
mdicating formation of finer PCC particles (42,000cm^/g). The reaction rate under 
the pressurized system was much higher than with the reaction carried out at 
atmospheric pressure. See FIGS. 18, 19, and 20.. 

Table 5: Comparative Example -The Effect of CO2 Concentration on Reaction 
Rate, Carbonation Efficiency, and Surface Area in Non-Pressurized System. 









Reaction 


Carbonation 


Surface Area 


Batch # 


Pressure 


% CO2 


Rate 


Efficiency (%) 


(cm'/g) . 


149 


0 


5 


2.3 


60.0 


23.100 


150 


0 


10 


3.5 


64.0 


27,900 


151 


0 


15 


4.2 


72.0 


28,100 


152 


0 


20 


4.7 


77.0 


27.500 


153 


0 


50 


5.4 


99.7 


41,400 


154 


0 


100 


5.8 


97.0 


40,500 



Table 6: The Effect of CO2 Concentration on Reaction Rate, Carbonation 



Efficiency, and Surface Area in a Pressurized System. 









Reaction 


Cai^nation 


Surface Area 


Batch # 


Pressure 


% CO2 


Rate 


Efficiency (%) 


(cm'/g) 


140 


30 


5 


4.5 


76.0 


25,700 


141 


30 


10 


5.3 


89.0 


35,700 


142 


30 


15 


5.7 


93.5 . 


29,200 


143 


30 


20 


5.6 


95.5 


36,800 


144 


30 


50 


6.0 


100.0 


39,200 


145 


30 


100 


5.6 


93.5 


42,800 
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Example 4 - The Effect of CQo Flow Rate on Carbonation Time> R eaction Rate. 

Surface Area. Carbonation Efficiency, and Pigment Bri|ghtness in a Pressure 

Carbonation System 

In this series of experiments, the flow rate of CO2 was varied from 0.5 to 3.0 

5 liters per minute, while the other reaction conditions were held constant at the 

following levels: 

% CO2: 20% 

Carbonation Reaction Temp.: 100 °F 

Ca(0H)2 Concentration: -244 grams per liter 

10 Reaction Pressure: SOpsig 

* The reactions were all carried out in equipment as described in example 1. 
The results of the measurements of the reaction rate, carbonation efficiency, surface 
area and brightness are given in Table 7. 

15 As would be expected, these results show a direct link between the CO2 Flow 

rate and the carbonation time, reaction rate, surface area, carbonation efficiency, and 
brightness. The first dependent variable, carbonation time, decreased as the CO2 flow 
rate increased. This was most likely a result of the corresponding increase in reaction 
rate with iacreasing CO2 flow. The surface area was also found to increase with 

20 increasing CO2 flow, indicating the presence of smaller carbonate crystals. The 
carbonation efficiency, however, decreased with increased CO2 flow. Lastiy, the 
pigmeht brightness increased with increasing C02 flow rate. See FIGS. 21, 22, 23, 
24, and 25. 
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Table 7: The Effect of CO2 Blow Rate on Carbonation Time, Reaction Rate, 
Surface Area, Carbonation Efficiency, and Pigment Brightness in a Pressure 
Carbonation System. 



Batch # 


CO2 Flow 


Carbonation 


Reaction 


Carbonation 


Surface 


Biightness 




Rate (Urn) 


Time (min) 


Rate fe/L/m) 


EjSiciency (%) 


Area (cmVg) 


(GB.) 


SPG.236 


0.5 


122 


2.0 


99.9+ 


22600 


96.8 


SPC-237 


1.0 


69 


3.5 


97.6 


30600 


97.1 


SPC-238 


2.0 


42 


5.8 


80.1 


41600 


97.5 


SPC-239 


3.0 


29 


8.6 


77.4 


45700 


97.7 



5 Example 5 - Effect of a High CO^ Flow Rate on Carbonation Time. Reaction Rate, 
Surface Area, Carbonation Efficiency, and Pigment Brightness in a Pressure 
Carbonation System 

In this example, experimental conditions were similar to example 4 except the 
CO2 flow rate was set at 5.3 liters per minute, the CO2 concentration was 100%, the 
10 " reaction pressure was 3psig, and the concentration of Ca(0H)2 was 266 grams per 
Uter. Table 8 shows the.results. The S.E.M. is shown in FIG. 26. 

The reaction rate for this experiment was 16.6 grams per liter per minute, 
which lead to a carbonation time of only 16 minutes. The surface area was quite 
large, 46,700 cm^/g. The carbonation efficiency was 79.4% and the brightness was 
1 5 found to be 96.0% reflectance on a G.E. brightness meter. 



Table 8: Effect of a High CO2 Flow Rate on Carbonation Time, Reaction Rate, 
Surface Area, Carbonation Efficiency, and Pigment Brightness in a Pressure 

Carbonation System 



Batch. # 


CO2 Flow 
Rate (L/m) 


Carbonation 
Time f inin) 


Reaction 
Rate (K/L/m) 


Surface 
Area (cm^/g) 


Carbonation 
Efficiency (%) 


Brightness - 
(GB.) 


SPC-118 


5.3 


16 


16.6 


46700 


79.4 ' 


96.0 



20 
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Examples- The Effect of Calcimn Hydroxide Concentration on Reaction Rate, 

Carbonation EfSciencv. and Surface Area of PCC 

La this example, the concentration of calcium hydroxide, measured as calcium 

carbonate, was varied from a low of 35 grams per liter to a high of 308 grams per 

5 liter. 

The constant reaction conditions were as follows: 
CO2FI0W: l.SUterspermmute 
CO2 Concentration: 20% 
Carbonation Temp.: 100 ''F 

10 Reaction Pressure: 30 psig 

The experimental data for variation of calcixim hydroxide slurry concentration 
in a pressure carbonation reactor is shown in Table 9. The reaction rate response, as 
calcium hydroxide concentration is varied, is given in FIG. 27. 

The carbonation efficiency and surface area of the PCC are given in FIGS. 28 
15 and 29, respectively. As shown in FIG. 27, the reaction rate response was curvilinear, 
an inverse parabola. The carbonation efficiency followed a similar trend. However, 
as the calcium hydroxide concentration increased from about 25 to about 308 grams 
per liter, the particle surface area of the PCC maaufactured under pressure 
carbonation conditions decreased steadily from about 55,000 cmVg to about 30,000 
20 cmVg. FIGS. 28 and 29 indicate that the initial reaction rates and carbon dioxide 

efficiency, respectively, were higher at lower calcium hydroxide concentrations. The 
reaction rate and the carbon dioxide utilization efficiency decreased as the 
concentration of Ca(0H)2 increased to about 125 grams per liter of calcium 
hydroxide. However, beyond 150 grams per hter, the reaction rate and the carbon 
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dioxide utilization efBciency increased, reaching a maximimi at, or slightly less than, 
about 300 grams per liter of Ca(0H)2. 



Table 9: The Effect of Calcium Hydroxide Concentration on Reaction Rate, 
Carbonation Efficiency, and Surface Area. 



Batch # 


Calcium Hydroxide 
Concentration 
(as CaCOs) 


Reaction 
Rate 


Carbonation 
Efficiency 
(%) 


Surface Area 
(em'/s) 


168 


25 


6.3 


99.9+ 


54,800 


162 


• 49 


5.4 


97.28 


39,400 


164 


94 


4.7 


80.64 


47,400 


165 


151 


4.7 


82.20 


44,400 


163 


194 


5.5 


99.9+ 


39,400 


166 


206 


5.9 


99.9+ 


27,300 


167 


266 


5.9 


99.73 


37,300 


161 


308 


6.2 


99.9+ 


29,600 



Example 7 - Effect of Agitation fRPM o f agitator^ on Pr essure Carbonation 

In this set of experiments, the agitation in the reaction vessel was successively 
increased from 500 RPM to about 1800 RPM on the agitator. The other reaction 
conditions were kept constant at the following levels: 

CO2 Flow: 1 .5 liters per minute 

CO2 Concentration: 20% 
Carbonation Temperature: 100 °F 

Ca(0H)2 Concentration: ^250 gpl 

Carbonation Pressure: 30psig 
The reaction rate was measured by titration of the lime slurry at regular 
intervals. The experimental data is given in Table 10. As indicated in FIG. 30, with 
increased agitation, the reaction rate of carbonation increased three-fold from about 
2.0 grams per liter per minute of calcium hydroxide consumption to about 6.0 grams 
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per liter per minute of calcium hydroxide consmnption. Importantly, under pressure 
carbonation conditions of 30 psig, with increased agitation, the carbonation efficiency 
increased from a low of 35.0% to a high of 99.6%, as indicated in FIG. 3 L As shown 
in FIG. 32, the particle surface area of PCC manufactured under pressure carbonation 
conditions of 30 psig increased from a low of 21,900 cmVg as measured by Blaine, to 
about to 43,400 cm^/g. 

Table 10: The Effect of Agitation on Reaction Rate, Carbonation EfBciency, 
and Surface Area* 



Batch # 


RPM 


Reaction 


Carbonation 


Surface Area 






Rate' 


Efficiency (%) 


(cm'/g) 


155 


400 


2.0 


35.619 


21,900 


156 


750 


4.3 


73.574 


27,400 


157 


1100 


5.2 


91.592 


35,100 


158 


1800 . 


5.8 


102.000 


43,400 


159 


1500 


6.0 . 


99.600 


32.600 



Example 8 - Preparation of Sclenohedral PCC 

A slaked lime slurry having a concentration of 246 grams per liter of slurry 
was placed in the 2-hter pressurized reaction veissel described above. A gas mixture 
of 20% carbon dioxide/ 80% nitrogen was bubbled through the reactor. The initial 
carbonation reaction temperature was 1 00°F. The pressure in the carbonation 
reaction vessel was maintained at 30 psig. The PCC manufactured under such 
pressurized carbonation conditions had the following characteristics: 

Particle Surface Area (Blaine method): 28,200 cm^/gram 

Brightness: 96.7 GB 

Crystal Habit: Sclenohedral (calcite) 
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The scanning electron micrograph for this scalenohedral PCC product is 
shown in FIG. 2. Among other uses, these PCC particles are useful as fillers in paper 
and paper boards. 

Example 9 - Preparation of Rhombohedral PCC with -.1:1 Aspect Ratio rControlled 
Isothermal Conditions^ 

A slaked lime slurry having a concentration of 87 grams per liter of calcium 
hydroxide slurry (expressed as calcium carbonate) was placed in the 2-liter 
pressurized reaction vessel described above. A gas mixture of 20% carbon dioxide / 
80% nitrogen was bubbled through the reactor. The initial carbonation reaction 
temperature was at 68°F. The increase of reaction temperature was limited to 4.0°F 
by circulating cooling water through the reactor. The pressure in the reaction vessel 
during pressure carbonation was maintained at 20 psig. The PCC manufactured under 
such pressurized carbonation conditions had the following characteristics: 

Particle Surface Area (Blaine method): 40,900 cmVgram 

Brightness: 92.1 GE 

Aspect Ratio: -1:1 

The scanning electron micrograph for this rhombohederal PCC product is 
shown in FIG. 3. Among other uses, these PCC particles can be effectively used for 
both filler and as coating material for paper. 
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Example 10 - Preparation of Rhombohedral PCC with i ; i .5+ Aspect Ratio 

By manipulation of process variables, PCC with various aspect ratios can 

easily and reliably be produced using the pressurized carbonation process disclosed 

herein. Aspect ratio is the ratio of crystal breadth to crystal length, and is considered 

5 a semi-qualitative number. To produce rhombohedral PCC with an aspect ratio of 

1 : 1.5, a slalced lime sluny having a concentration of 1 16 grams per liter of calcium 

hydroxide (expressed as calcium carbonate) was placed in the 2-liter pressurized 

reaction vessel described above. A gas mixture of 20% carbon dioxide / 80% 

nitrogen was bubbled through the reactor. The initial carbonation reaction 

1 0 temperature was at 50°F. The reaction was carried out under isothermal conditions, 

and thus, heat generated by the exothermic nature of the reaction was removed by 

circulating cooling water to maintain the reactor temperature. The pressure in the 

reaction vessel during pressure carbonation was maintained at 30 psig. The PCC 

manufactured under such pressurized carbonation conditions had the following 

15 characteristics: 

Particle Surface Area (Blaine method): 2 1 ,500 cm^/gram 

Brightness: 98.6 GE 

Aspect Ratio: -1:1.5+ 

20 The scanning electron micrograph for ttiis rhombohederal PCC product is 

shown in FIG. 4. Among other uses, these rhombohederal PCC particles can be 
effectively used for both filler and in coating formulations for paper. 
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. Example 11 - Preparation of "Stacked" Rhombohedral PCC 

By manipulation of process variables, a unique "stacked" FCC crystal 

structure can be reliably produced using this pressurized carbonation process. To 

produce stacked rhombohedral PCC , a slaked lime sluiry having a concentration of 

32 grams per liter of calcium hydroxide (expressed as calcium carbonate) was placed 

in the 2-litBr pressurized reaction vessel described above. A gas mixture of 25% 

carbon dioxide/ 75% nitrogen was bubbled through the reactor. The initial 

carbonation reaction temperature was at 73°F. The carbonation pressure was 

maintained at 70 psig. The reaction yielded a PCC with the followmg characteristics: 

Particle Surface Area (Blaine method): 16,400 cm^ /gram 

Brightness: 87.3 GE 

Crystal Structure: stacked rhombohedral 

The scanning electron.microgr^h for this rhombohederal PCC product is 
shown in FIG. 5. The pressure carbonation conditions just described provide this 
unique stacked rhombohedral crystal structure. Among other uses, these stacked 
rhombohederal PCC particles can be especially useful in coating . 

Example 12 - Preparation of AragonitePCC 

When desired, aragonite crystal habit PCC crystal stmcture can be rehably 
produced using the pressurized carbonation process disclosed. To produce aragonite 
PCC , a slalced lime slurry having a concentration of 229 grams per liter of calcium 
hydroxide slurry (expressed as calciurn carbonate) was placed in the 2-liter 
pressurized reaction vessel described above. A gas mixture of 25% carbon dioxide/ 
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75% nitrogen by volume was bubbled through the reactor. The initial carbonation 

reaction temperature was at I20°F. The carbonation pressure was maintained at 70 

psig. The reaction yielded a PCC with the following characteristics: 

Particle Surface Area (Blaine method): 23,500 cm^ /gram 

Brightness: 95.0 GE 

Crystal Habit: aragonite 

The scanning electron micrograph for this aragonite PCC product is shown in 
FIG. 6. The pressure carbonation conditions just described provide this aragonite 
crystal structure. Among other uses, these aragonite PCC particles can be useful in 
filler for paper. 

Examples of Calcium Sihcate Hydrates 

Example 13: Manufacture of multiple phase silicate hydrates (5XPC 12) 

Initially, 135.09 grams of 1/2" rotary pebble lime (firom Mississippi Lime Co.) 
was accurately weighed and slaked in 410 inillihters of de-ionized water. The slaking 
reaction is exothermic and caused the slurry temperature to rise to near boiling. When 
• the slurry temperature was very near boiling and before much of the water had 
evaporated, an additional 1190 millihters of water was added to both dilute and cool 
the slurry. The slurry was then agitated for 30 minutes to insure slaking completion 
before being screened through a 140 mesh screen. The slurry was then transferred to 
the 5 liter autoclave described above and tested for lime availability in accordance 
with ASTM method C25. Approximately 109.6 grams of fine fluxed calcmed 
diatomaceous earth (FCDE) was weighed and added to 750ml of hot water 
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(concentration of '-1.221b/gallon), The silica slurry was heated for approximately 

. 1 Omin, to near boiling, then added to the screened and tested lime slimy. The exact 

amount of sihca sluny added to lime slurry was determined by the lime availability 

such that a mol ratio of -1.35 mol CaO/Si02 would be maintained. The total slurry 

5 volume was also adjusted to a final concentration of 0,425 lb/gallon. The autoclave 

was continuously agitated at a constant speed of 338rpm. The reactor was heated for 

^proximately 100 min in order to reach the target temperature of 473 ^F. The 

temperature was maintained at 473 T for 2 hours, after which, the "quenching" water • 

was flushed througji the cooling coil built inside the autoclave. This cooling process 

1 0 was maintained until the inside vessel temperature reached approximately 176°F 
(roughly 30mia), at which point, the vessel was opened and the reaction products 
were transferred to a holding vessel for storage. A portion of the resultant slurry was 
dried in a 221 °C oven for 12 hours. During the drying process, the slurry formed hard 
lumps, which had to be broken up through the use of a mortar and pestle. The now 

1 5 powdered, dry product was brushed through a 1 40 mesh screen to insure product 

uniformity when testing. The pigment in this example was designated 5XPC 12, The 
tests carried out on the dry powder were as follows: 

1) X-ray diffraction analysis 

2) ' Scaiming Electron Microgr^h (S.E.M.) 
20 3) Brightness 

4) Percent Water Absorption 

5) Ail- Permeability (time in sec by Blaine Method) 

6) Bulk Density (weight in grams by Blaine Method) 

7) pH 
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For the air permeability test, two numbers are reported. The first is the weight 

in grams of powder required to fill the capsule and is an indication of the "bulk 
density" of the powder. The second is the time in seconds for a controlled volume of 
air to pass through the compressed powder inside the capsule and is an approximate 
measure of the "structure" of the particle. 

The process conditions are given in Table 1 1 and the pigment properties are 
given in Table 12. 



Table 11: Process conditions of 5XPC 12 



Batch # * 


Mol Ratio 
(CaO/SiOj) 


Concentration 
(lb/gallon) 


Temperature 


Average 
Pressure ^si) 


Reaction Time 
(horns) 


5XPC 12 


1.35 


0.425 


473 


456 


2.0 



Table 12: Pigment Properties of 5XPC 12 



Batch # 


GE Brightness (% 
reflectance) 


Water Absorption 


Air- Permeability 
Blaine WKr) 


Air Permeability 
Blaine time (sec.) 


5XPC 12 


96.4 


880 


0.35 


81.8 



The x-ray diffraction pattern of this novel, multiphase calcium silicate hydrate 
is given in Fig. 33. This product ( identified as 'SXPC 12) gave a unique x-ray pattern. 
The pattern indicated that the powder had at least one major phase and at least one 
minor phase. The summary of the characteristic "peaks" is shown in Table 13. 

The major peaks for phase I were found to indicate the presence of calcixmi 
silicate hydroxide - Foshagite - (Ca4(Si03)3(OH)2) with major peaks at d(A)=2.97, 
d(A)=2.31 and a minor peak at d(A)=5.05. For phase II, the x-ray diffraction pattem 
indicated the presence of calcium silicate hydrate - Xonotlite - (Ca6Si60i7(OH)2) with 
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inajorpeaksatd(A)=3.107, d(A)=1.75 andaminorpeak at d(A)=3.66. ThusI 

obtained a novel composition of matter, which was a combination Foshagite and • 

Xonotlite fibrous structure, intertwined into a haystack structure. One of the - 

significant novelties of this invention is that we obtained this structure firom a single 

5 reaction. 



Table 13: X-ray diffraction peak summary for 5XPC 12 



Common Name 


CrystallochemicaJ 
Fonnula 


d-spacing 
(Major) 


d-spacing 
(median) 


d-spacing 
(Minor) 


Foshagite 
(Phase!) 


Ca4(Si03)3(OH)2 
(Maior) 


d=2.97A ■ 


d=2.3lA 


d=5.05A 


Xonotlite 
(Phase n) 


Ca6Si60i7(OH)2 
(Rfinor) 


d=3.107A 


d=1.75A 


d=3.66A 



The S.E.M. pictures at 7,500 times and 1,500 times magnification are given in 
10 FIGS. 8 and 9, respectively. The high magnification S.EM, clearly shows the 

"fibrous" structure of foshagite and a small firaction of "rod" or "ribbon" like, tubular 
structures of xonotUte.. The diameter of the foshagite "fibers" ranges fi-om 0.1 to 0.2 
microns while the length ranges fi:om 1 to 5 microns. The xonotlite particles had 
diameters in the range of 0.1 to 0.3 microns and a length in the range ofl to 3 
15 microns. 

The low magnification S,E.M. depicts the three dimensional structure of the 
secondary particles of calcium silicate hydrates. The structure appears to have been 
formed by an interlocking of the primary "fibrous" crystals and some inter-fiber 
bonding due to hydrogel of silica formed during the initial stages of hydro-thermal 
20 reaction. Because of these two main reasons, the secondary particles axe fairly stable 
and do not significantly lose theii* 3-d structure when subjected to process shear. In 
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addition, these particles also seem to withstand the pressure encountered during tiie 

calendering or finishing operations integral to papennaMng, The median size of the 

secondary particles as seen, ranges fix)m 10 to about 40 microns. 

In order to evaluate this pigment in paper, handsheets were prepared for 

5 evaluation. Handsheets were prepared usiag the '5XPC 12 product sample in order to 

evaluate the papennaldng characteristics of the pigment. The procedure included 

^ preparation of a standard pulp slurry made up of 75% hardwood and 25% softwood. 

Both pulp spurces were beaten separately, in a Valley Beater, to a specific Canadian 

Standard Freeness of 450 ± 10 in accordance with TAPPI test methods T-200 and T- 

1 0 227. Handsheets were formed fi-om the prepared stock, on a 6" British handsheet 

mold, in accordance with TAPPI test method T-205 . The exceptions to the standard 

method were as follows. Since the goal of producing these handsheets was to test 

filler performance, some filler was incorporated mto the handsheets at various 

rq)lacement levels (usually 15%, 20%, and 25%). In order to achieve comparability 

1 5 between dijfferent levels, a constant basis weight was achieved via a reduction in fiber 

content. Thus, a 25% filled sheet would contain only 75% of the fiber that the 

unfilled sheet had. The next variation on the standard test method was the addition of 

retention aid. A retention aid (Percol 175) was added to hold the filler in the sheet 

until the sheet had dried completely. All other handsheet formation components were 

.20 kept consistent witii TAPPI test method T-205. 

The handsheets were tested in accordance with TAPPI test method T-220, 

with one exception. Instead of using a 15mm sample for testing tensile, a 25.4nma 

sample was used and the tensile index calculations were altered accordingly. The 

handsheets were ashed in accordance with TAPPI test method T-2 11. 
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Paper handsheets were tested for the following properties: 



1. 


Opacity 


2. 


Sheet Scattering Coefficient 


3. 


Filler Scattering Coeffident 


4. 


Brightness 


5. 


Sheet Bulk ^Basis Weight/ Caliper ratio) 


6. 


Sheet Stif&ess 


7. 


Sheet Porosity 


8. 


Sheet Smoothness 


9. 


Sheet Tensile Index 



A standard alkaline j&ller, precipitated calcium carbonate (SMI Albacar HO), was 
used as a reference material to gauge product performance. The results of the 
handsheet evaluation are given in Tables 14 through 17. 



Table 14: Optical property performance of handsheets containing 20% 



(interpolated) 5XPC 12 and pulp only. 



Pigment 


Brightness 
(ISO) 


Opaciti' (ISO) 


Sheet 
Scattering 
CoefScient 
(cmVfi) 


Filler Scattering 
Coefficient 
(cm^/g) 


5XPC 12 


90.56 


90.88 


835.21 


3077.24 


Pulp Only 


85.73 


73.19 


274.8 


NM 


Improvement 
over pulp 


+ 5.6% 


+ 24.2% 


+ 203.9% 
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Table 15: Strength property performance of handsheets containing 20% 



(interpolated) 5XPC 12 and pulp only. 



Pigmeat 


Stiffiiess (Guiley 
Units) 


Bulk (cmVe) 


Porosity (sec/lOOcc 
air) 


5XPC12 


150.74 


1.73 


64.91 


Pulp Only 


137.15 


1.40 


51.94 


Improvement 
overpidp 


+ 9.9% 


. +23.3% 


+ 25.0% 



Table 16: Optical property performance of handsheets contahiing 20% 



5 (interpolated) 5XPC 12 and 20% (interpolated) PCC. 



Pigment 


Brightness 

aso) 


Opacity aSO) 


Sheet Scattering 
Coefficient 
(cm^/e) 


Filler Scattering 
Coefficient 
(cmVg) 


5XPC12 


90.56 


90.88 


835.12 


3077.24 


PCC 


90.44 


88.69 


709.84 


2474.48 


Improvement 
over PCC 


Even 


+ 2.47% 


+ 17.66% 


+ 24.36% 



Table 17: Strength property performance of handsheets containing 20% 



(interpolated) of 5XPC 12 and 20% (mterpolated) PCC. 



Pigment 


Bulk (cm^/g) 


Porosity 
(sec/1 OOcc air) 


StifGaess 
(Gurley Units) 


Tensile Index 
(Nm/g) 


5XPC 12 


1.73 


64.91 


150.74 


31.17 


PCC 


1.55 


22.24 


107.54 


27.95 


Improvement 
over PCC 


+ 11.56% 


+ 191.9% 


+ 40.17% 


+ 11.53% 



Example 14 - (5XPC - 27 pigment sample) 

This novel, multiphase calcium silicate hydrate of was formed by hydro- 
thennal reaction of lime and silica. The CaO/Si02 mol ratio used for this new product 
was M).85, the final slurry concentration was --0.75 lb/gallon, the reaction temperature 
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was 374 °F, and the reaction time was 2.5 hours. 

given in Table 18. 



PCT/US02/03142 

A snnunacy of these conditions is 



Table 18: Process conditions of 5XPC 27 



Batch # 


Mol Ratio 
(CaO/SiOz) 


Concentration 
(lb/gallon) 


Temperature 


Average 
Pressure 
(psi) 


Reaction 
Time (hours) 


5XPC27 


0.85 


0.75 


374 


^163.5 


2.5 



5 

The resulting calcium silicate hydrate of was tested for pigment brightness. 



water absorption, Blaine air penneability and density, and pH. Both X-ray diffraction 
and Scanning Electron Micrograph analyses were also performed on this product. 
The pigment properties are given in Table 19. The pigment was evaluated for its 

1 0 performance in paper by incorporating it into handsheets as in example 1 3 . The 
results of the handsheet work are given in Tables 21 through 24. The X-ray 
diffraction pattern is given in FIG. 34. The S.E.M. pictures at 1 0,000 and 2000 times 
magnification are given in FIG. 10 aiid 11, respectively. 

The calcium siHcate hydride foraied under these conditions had substantially 

1 5 lower brightness and water absorption characteristics than TiSil ™ brand calcium 
siUcate hydrate (CSH) set forth in Example 13. However, it gave much higher sheet 
bulk, sheet stiffriess, and sheet air permeabihty characteristics. The pigment 
properties of the novel 5XPC 27 pigment are given in Table 1 9. It appears that this 
product provided a much higher sheet bulk. Also, the sheet permeabihty of this new 

20 product was higher than the foshagite-xonotlite complex as described in Example 13. 
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Table 19: Pigment Properties of 5XPC 27 



PCT/US02/03142 



Batch # 


G.E. Brightness 
(% reflectance) 


Water 
Absorption (%) 


Air 
Pameability 
Blaine Wt. (g) 


Air 

PenneabiUty 
Blaine time 
(sec.) 


5XPC27 


91.2 


360 


0.5 


17.0 



As the mole ratio of CaO/Si02 was reduced to --0.85 and the reaction 
temperature was lowered to 374 I discovered another unique and useful multiple 
phase calcium silicate hydrate material with a distinct and unique X-ray diffraction 
pattern. The X-ray diffraction analysis revealed this product to be a mixture of 
Riversidite [Ca5Si60i6(OH)2] and Xonotlite [Ca€Si6Oi7(OE02]. The X-ray diffraction 
pattem is given in Fig. 34. The pattern iudicated that the powder had at least one 
major phase and at least one minor phase. The peak summary is shown in Table 20. 



Table 20: X-ray diffraction peak summary for 5XPC 27 



Common Name 


Crystallochemical 
Formula 


d-spacing 
(Major) 


d-spacing 
(Median) 


d-spaciug 
(Minor) 


Riveisideite 
(Phase I) 


Ca5Si60i6(OH)2 
(Maior) 


d=3.055A 


d=3.58A 


d=2.80A 


XonotUte 
(Phase n) 


Ca6Si60n(OH)2 
(Minor) 


d=3.056A 


d=4.09A 


d=2.50A . 



The major peaks for phase I were found to indicate the presence of calcium 
silicate hydrate - Riversideite - (Ca5Si60i6(OH)2) with major peaks at d(A)= 3.055, 
d(A)= 3.58 and a minor pealc at d(A)= 2.80. For phase E, the pattem indicated the 
presence of calcium siUcate hydroxide - xonotlite - (Ca6Si60i7(OH)2) with major 
peaks at d(A)= 3.056, d(A)= 4.09 and a minor peak at d(A)= 2.50. The pigment also 
contained trace amounts of calcite (CaCOa). The other portion of the slurry was 
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.tested for the pigment performajice as a filler in paper. The paper was formed into 

handsheets and tested using the procedures described in example 13. 

The S.E.M. pictures at 10,000 times and 2000 times are given in Figs. 10 and 

1 1 , As can be seen in the 1 0,000x magnification photograph, the product is unlike the 

5 previous example. The calcium silicate hydrate mixture has fibrous and non-fibrous 

composition joined possibly by an amorphous portion of silica hydrogel formed 

during the initial phase of hydro-thermal reaction. 

The 2000x magnification indicates the formation of an irregular globular 

particle formed by the fibrous inter-growth of a series of primary fibrous crystals. 

1 0 The particle size is in the range of 1 0-3 0 microns and the crystals seem to have grown 

randomly. 

This multi-phase (primarily Riversideite and Xonotlite) calcium silicate 
hydrate gave lower brightness value than that of Example 13. More significantly, this 
material gave a much lower water absorption (around 360% to about 400%) as well. 

15 To evaluate perfonnance in paper, handsheets were formed using this pigment 

and then tested as in Example 13. The paper performance results are shown in Tables 
21 through 24. This product, compared to pulp only, gave substantially higher 
stifi&iess and sheet bulk. Unlike the pigment provided in Example 13, (where 
Foshagite was the primary component), this second pigment (where Riversideite and 

20 Xonotlite are present) combination produced a much more open sheet, as shown by 
the low Gurley porosity numbers. The optical properties, lilce brightness, opacity and 
scattering coefficient of the sheet decreased 

Comparing the performance of this second pigment (with predominantly 
Riversidite as the major component and Xonotlite as the minor component present) 
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with an alkaline filler, such as precipitated calcium carbonate, the sheet stiffiiess and 

buUc improved dramatically. The optical properties (sheet opacity, sheet brightness, 

etc.)of the handsheets decreased, however. The decreased optical properties of this 

new multiphase product, were clearly due to the large particle size and irregular 

globular structure as seen in the S .E.M. pictures. 



Table 21: Optical property performance of handsheets containing 20% 



(interpolated) 5XPC 27 and pulp only. 



Pigment 


Brightness (ISO) 


Opacity 
(ISO) 


Sheet Scattering 
Coefficient 


Filler Scattering 

Coefficient 
. (cm'/B) 


5XPC 27 


87.86 


83.35 


449.12 


1092.42 


Pulp Only 


85.19 


74.97 


292.1 


N/A 


Improvement 
over pulp 


+ 3.1% 


+ 11.2% 


+ 53.8% 





Table 22: Strength property performance of handsheets containing 20% 



(interpolated) 5XPC 27 and pulp only. 



Pigment 


Stiffiiess 
(Gurley Units) 


BulkfcmVg) 


Porosity 
(sec/1 OOcc air) 


5XPC27 


225.87 


2.46 


3.92 


Pulp Only 


136.68 


1.47 


33.5 


Improvement over 
pulp 


+ 65.2% , 


+ 68.0% 


- 88,3% 



Table 23: Optical property performance of handsheets containing 20% 



(interpolated) 5XPC 27 and 20% (interpolated) PCC. 



Pigment 


Brightness 
(ISO) 


Opacity 

aso) 


Sheet Scattering 

Coefficient 
(cm'/R) 


Filler Scattering 
Coefficient 
(cm^/g) 


5XPC27 


87.86 


83.35 


449.12 


1092.42 


PCC 


90.21 ' 


89.39 


738.55 


2546.03 


Improvement 
over PCC 


-2.6% 


- 6.76% 


- 39.19% 


- 57.09% 
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Table 24: Strength property performance of handsheets containing 20% 



(interpolated) of 5XPC 27 and 20% (interpolated) ] 


PCC. 


Pigment 


Stiffiiess 
(Gurlev Units) 


Bulk(cmVg) 


Porosity 
(sec/lOOcc air) 


Taisile Index 
(Nm/g) 


5XPC27 


225.87 


2.46 


3.92 


29.67 


PCC 


102.11 


1.65 


13.23 


24.77 


Improvement 
over PCC 


+ 121.19% 


+ 49.22% 


- 70.39% 


+ 19.79% 



Thus, this multiphase combination of calcium silicate hydrate was most useful 
5 in improving sheet stiffiiess and sheet bulk. It was also excellent for "opening up" the 
sheet (lowering the Gurley porosity) for more '"breathing." Due to its excellent 
stiffiiess, this product is referred to as "StiSil ™ brand calcium silicate hydrate 
(CSH)," 

1 0 Example 15 : Manufacture of multiple phase silicate hydrates (XPC 294) 

Initially, 39.5 grams of 1/2" rotary pebble lime (Mississippi Lime Co.) was 
accurately weighed and slaked in 410 milliliters of de-ionized water. The slaking 
reaction is exothermic and the lime was therefore added in 12 equal parts over the 
course of 1 hour. This kept the temperature of the water near the mitial temperature 

15 of SO'^C throughout the slaking process. When the slaking process was complete, the 
lime was screened through a 140 mesh screen. The slurry was then transferred to the 
2-liter autoclave described above and tested for lime availability in accordance with 
ASTM method C25. Approximately 31.1 grams of fine fluxed calcined diatomaceous 
earth (FCDE) was weighed and added to 990mi of hot water (concentration of 

20 -'1.221b/gallon). The silica slurry was heated for approximately lOmin, to near 

boiling, tben added to the screened and tested Ume slurry. The exact amount of siUca 
slurry added to lime slurry was determined by the lime availabihty such that a mol 
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ratio of 1.33 mol CaO/Si02 would be maintained. The total slurry volume was also 
adjusted to a final concentration of 0.42 Ib/gallon. The hi^ pressure vessel was then 
clbsed, sealed, and connected to an automated heating/cooling control system (RX 
330). The contents of the autoclave were under constant agitation via the magnetic 
drive motor mentioned above. 

The reactor was heated for approximately 60 minutes in order to reach the 
target temperature of 473 °F. The temperature was maintained at 473 °F for 2 hours, 
after which, the "quenching" water was flushed through the cooling coil built inside 
the autoclave. This cooling process was maintained until the inside vessel 
temperature reached approximately 176 °F (approximately 30min). At which point, 
the vessel was opened and the reaction products were transferred to a holding vessel 
for storage. From this point, the slurry was treated exactly as in example 13 above. 

The process conditions are given in Table 25 and the pigment properties are 
given in Table 26. 



Table 25: Process conditions of XPC 294 



Batch # 


Mol Ratio 
(CaO/SiOa) 


Concentration 
(Ib/gaUon) 


Average 
Temperature (^F) 


Average 
Pressure (psi) 


Reaction Time 
(hours) 


XPC 294 


1.33 


0,42 


458 


456 


2.0 



Table 26: Pigment Properties of XPC 294 



Batch # 


GB Brightness 
(% reflectance) 


Water Absorption 
(%) 


Air Permeability 
Blaine Wt. (g) 


Air Permeability 
Blaine time (sec.) 


XPC 294 


96.7 


. 760 


0.35 


88.8 



66 



wo 02/060986 PCT/US02/03142 

In order to evaluate this pigment in paper, handsheets were prepared in the 
same maimer as in example 13 above. The results of the handsheet evaluation axe 
given in Tables 27 through 30. 



5 Table 27: Optical property performance of handsheets containing 20% 



(interpolated) XPC 294. and pulp only. 



Pigment 


Brightness (ISO) 


Opacity fiSO) 


Sheet Scattering 

Coefficient (cm^/gl 


Filler Scattering 
Coefficient (cm^/g) 


XPC 294 


88.31 


90.97 


767.59 


2735.33 


Pulp Only 


81.42 


75.39 


274.80 




Improvement over 
pulp 


+ 8.5% • 


+ 20.7% 


+ 179.4% 





Table 28: Strength properly performance of handsheets containing 20% 
(interpolated) XPC 294 and pulp only. 



Pigment 


Stiffness (Guiley Units) 


Bu3k(cm'/g) 


Porosity (sec/lOOcc air) 


XPC 294 


173.40 


1.94 


30.12 


Pulp Only 


140.85 


L62 


18.92 


Improvement over 
pulp 


+ 23,1%' 


+ 19.8% 


+ 59.2% 



10 

Table 29: Optical property performasce of handsheets contaming 20% 



(interpolated) XPC 294 and 20% (interpolated) PCC. 



Pigment 


Brightness 

aso) 


Opacity aSO) 


Sheet Scattering 
Coefficient 
Ccm'/g) 


Filler Scattering 
Coefficient 
(cm'/g) 


XPC 294 


88.31 


90.97 


767.59 


2735.33 


PCC 


88.15 


88.86 


666.37 


2245.67 


Improvement 
over PCC 


Even 


+ 2.38% 


+ 15.2% 


+ 21.8% 



15 
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Table 30: Strength property performance of handsheets containing 20% 
(interpolated) of XPC 294 and 20% (interpolated) PCC. 



Pigment 


Bulk(cmVg) 


. Porosity 
(sec/1 OOcc air) 


StifEdess 
(Gurley Units) 


Tensile Index 
OSfm/g) 


XPC 294 


1.94 


30.12 


173.40 


30.86 


PCC 


1.71 


11.12 


111.56 


27.09 


Improvement 
over PCC 


+ 13.37% 


+ 170.9% 


+ 55.4% 


+ 13.9% 



Example 16 - (XPC - 258 pigment sample) 

This novel, multiphase calcium silicate hydrate was formed similar to example 
14, with the following differences. The CaO/Si02 mol ratio used for this new product 
was 0.76, the final slurry concentration was about 0.75 lb/gallon, the reaction 
temperature was 370 °F, and the 2-hter reactor was used mstead of the 5-liter. A 
summary of the process conditions, is given in Table 31. 



T^ble 31: Process conditions of XPC 258 



Bateh# 


Mol Ratio 
(CaO/SiOa) 


Concentration 
(Ib/gaUon) 


Average 
Temperature 


Average 
Pressure (psi) 


Reaction Time 
(hours) 


XPC 258 


0.76 


0.75 


365 


154 


2 



The pigment properties are given in Table 32. This pigment was also 
evaluated for its performance in pap^ by incoiporatmg it into handsheets as in 
15 example 14. The results of the handsheet work are given in Tables 33 and 34. This 
multi-phase (primarily Riversideite with some Xonotlite) calcium silicate hydrate 
gave lower brightness values than that of Example 15. More significantly, this 
material gave a much lower water absorption (around 360% - 400%) as well. 
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This product, compared to pulp only, gave substantially higher stifihess and 

. sheet bulk. Unlike the pigment provided in Example 15, (where foshagite is the 

primary component), this second pigment (where riversidite is the primary 

component) produced a much more open sheet, .as shown by the low Gurley porosity 

5 numbers. 

Comparing the performance of this second pigment (with predominantly 
riversidite and some xonotlite present) with an allcaline filler, such as precipitated 
calcium carbonate, the sheet stiffiiess and bulk improved dramatically. 



10 Table 32: Pigment Properties of XPC 258 



Batch # 


G.E. Brightness 
(% reflectance) 


Water Absorption 
(%) 


Air Permeability 
Blaine Wt (g) 


Air Permeability 
Blaine time (sec.) 


XPC 258. 


90.8 


400 


0.5 


37.1 



Table 33: Strength property performance of handsheets containing 20% 



(interpolated) XPC 258 and pulp only. 



Pigment 


Stiffiiess 
(Gurley Units) 


Bul]c(cm^/g) 


Porosity 
(sec/1 OOcc air) 


XPC 258 


236.84 


2.39 


4.32 


Pulp Only 


144.56 


1.62 


28.82 


Improvement over 
pxdp 


+ 63.8% 


+ 47.5% 


- 85.0% 



15 



Table 34: Strength property performance of handsheets containing 20% 
(interpolated) of XPC 258 and 20% (interpolated) PCC. 



Pigment 


Stiffiiess 
(Gurley Units) 


Bulk(cmVs) 


Porosity 
(sec/1 OOcc air) 


Tensile Index 
(Nm/g) 


XPC 258 


236.84 


2.39 


4.32 


23.72 


PCC 


102.96 


1.69 


14.89 


25.31 


Improvement 
over PCC 


+ 130.0% 


+ 41.7% 


-70.97% 


- 6.3% . 
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Thus, this multiphase combination of calcium silicate hydrate was most useful 

in improving sheet stiffoess and sheet bulk. It was also excellent for "opening up" the 

sheet (lowering the Gurley porosity) for m.ore 'T^reathing/' Due to its excellent 

stif&ess, this product is referred to as "StiSil ™ brand calcium silicate hydrate 

5 (CSH)." ' . 

Example 17 : Varying Reaction Temperature (XPC 119) 

• Initially, 39.9 grams of pebble Ume was weighed accurately and added slowly 
to 1 2L of water in a beaker with constant agitation. The amount of lime , water, and 

10 the rate of lime addition were controlled in an effort to keep the slurry JBrom boiling 
due to the exothermic nature of the lime slaking reaction. The slaked lime of 
Ca(0H)2 was screened in a 200 mesh screen. The residual material was then 
discarded. The filtered Ca(0H)2 slurry was tested by acidic titration to calculate the 
exact amount of available lime. The slaked lime was then transferred into a 2 liter 

1 5 autoclave. Then, 3 1 .06 grams of fine fluxed calcined diatomaceous earth (FCDE) 
was added to 200 ml of water in order to produce a slurry of 0. 1 553 g/L 
concentration. This slurry was also preheated with constant stirring and brought to 
near boiling (near 212 °F). Next, the silica was added to the autoclave containing the 
hot slaked lime slurry. The total solids concentration of the CaO + SiOz slurry inside 

20 the autoclave, at this point was about 0.5 lbs/gallon. The mol ratio of lime to silica 
was 1.67 CaO/Si02. The high-pressure reactor was sealed and then heated by an 
externally, jacketed, electrical heating element. 

The autoclave was constantly agitated at 600 RPM. The autoclave was heated 
until a preset temperature of 428 °F was reached. At that point the reaction conditions 
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• wereheld constant by a system controller, RX-330. The CaO + Si02 slurry was 
reacted at a temperature of 428 **F for 120 minutes. At the end of this time, the 
"quenching" water was passed through a cooling system built into the inside of the 
autoclave. Inside the pressure vessel, steam condensed and the temperature fell 
5 rapidly. The cooling water continued until the vessel reached approximately 176 ^F. 
The silicate slurry was transferred into a holding beaker. The followmg 
describes the overall heating / cooUng cycle: 
Time to temperature 60 min 
Time at temperature - 120 min 
10 Time for cooling - 25 min 

The slurry was tested as in example 13. The reaction conditions and pigment 
properties are given in Tables 35 and 36 respectively. 

15 Example 18 : Varying Reaction Temperature (XPC 107) 

In this example, all the reaction conditions and parameters were identical to 
example 17 above, except the reaction temperature was raised from 428 °F to 451 °F. 
The resultant calcium sihcate hydrate complex was then tested as per the above- 
described test program and the resultant reaction conditions and pigment properties 

20 are given in Tables 35 and 36 respectively. 

Example 19; Varying Reaction Temperature (XPC 124) 

In this example, all of the reaction conditions and parameters, were kept 
constant, as in example 15, except for reaction temperature. The reaction temperature 
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was raised from 451 °F to 469 °F, The calcium silicate hydrate complex fomied was 
tested as in the above examples. The reaction conditions and pigment properties are 
given in Tables 35 and 36 respectively. 



Table 35: Reaction conditions for XPCs 119, 107, and 124. 



Example # 


Batch ID 


Mole Ratio 
(CaO/SiOj) 


Cone, 
(lbs/gal) 


1 'WM$ 
Lii|gree]5-:M',i 


Reaction 
Time (hours) 


Example 17 


XPC 119 


1.67 


0.7 


1 A28.0! „ 


2 


Example 18 


XPC 107 


1.67 


0.7 




2 


Example 19 


XPC 124 


1.67 


0.7 




2 


Table 36: Pigment properties for XPCs 119, 107, and 124. 


Batch ID . 


Water 

Absorption (%) 


Brightness 

aso) 


Blaine Wt. 

(grams) 


Blaine Time 
(sec.) 


pH 


XPC119 


440 


94.2 


0.5 


94 


11.6 


XPC107 


440 


96.2 


0.45 


118.5 


10.7 


XPC 124 


580 


94.9 


0.35 


94.9 


11.5 



Note that the mid range reaction temperature of 451 °F produced the highest 
brightness material 

Example 20 : Varying the CaO/Si02 mol ratio (XPC 277) 

In this example, all the reaction parameters were kept constant, as in example 
1 9, except for the CaO/Si02 mol ratio. The CaO/Si02 mol ratio was changed to 3,0. 
The concentration in the autoclave was adjusted by adding water to 0.4 lb/gal. The 
reaction was carried out for two hours and the autoclave was cooled and the product 
was handled as in example 15. The reaction temperature was kept constant at 439 °F. 
The reaction mixture was agitated at a constant of 600 RPM. The final product was 
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tested for key propierties as in example 15 and the reaction conditions and key 

pigment properties are shown in Tables 37 and 38 respectively. 



Example 21 : Varying the CaO/SiOi mol ratio (XPC 279) 
5 In this example, all the reaction parameters were kept constant as in example 

20, excqpt the CaO/Si02 mol ratio was changed to L90. The hydrothermal reaction 
was carried out using- the same cycle of heating and cooling as in the previous 
examples and the final product was again tested for key pigment properties. The 
reaction conditions and key pigment properties are shown in Tables 37 and 38 
10 respectively. 

Example 22 : Varying CaO/Si02 mol ratio (XPC 282) 

Here again, the reaction parameters were all held constant, as in example 21, 
except for the CaO/SiCb mol ratio, which was changed to 1.34. The hydrothermal 
1 5 reaction was carried out using the same cycle of heatiag and cooling as in the 

previous examples and the final product was again tested for key pigment properties. 
The reaction conditions and key pigment properties are shown in Tables 37 and 38 
respectively. 

20 Table 37: Reaction conditions for XPCs 277, 279, and 282. 



Example # 






. Cone. 


Temp. 


Reaction 




Batch # 




(lbs/gal) ' 


(degrees C) 


Time (hours) 


Example 20 


XPC 277 




0.4 


439.0 


2 


Example 21 


XPC 279 


.i'.„„1.90 


0.4 


439.0 


2 


Example 22 


XPC 282 




0.4 


439.0 


2 
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Table 38: Pigment properties for XPCs 277, 279, and 282. 



Batch # 


Water 
Absorption 
(%) 


Brightness 

aso) 


Blaine Wt. 
(grams) 


Blaine.Time 
(sec.) 


PH 


XPC 277 


200 


94.4 


1.05 


508 


12.4 


XPC279 


240 


90.3 


0.75 


116.3 


11.8 


XPC 282 


660 


96.3 


0.35 


91.8 


11.0 



5 Note that a CaO/Si02 mole ratio of 1 .34 produced a calcium silicate hydrate 

with the highest water absorption capabiUty and highest brightness value. 

. Example 23 : Varying Reaction Time pCPC 172) 

In this example, all Ihe process conditions were kept constant, as in example 
10 15, except for the reaction time, which was lowered to 1 hour. The calcium sihcate 
hydrate complex was tested as in the previous examples and the reaction conditions 
and key pigment properties are shown in Tables 39 and 40 respectively. 

Example 24 : Varying Reaction Time (XPC 173) 
15 In this example, all the process conditions were kept constant, as in example 

23, except for the reaction time, which was raised to 2 hours. The calcium sihcate 
hydrate complex was tested as in the previous examples and the reaction conditions 
and key pigment properties are shown in Tables 39 and 40 respectively. 

20 Example 25 : Varying Reaction Time*(XPC 174) 
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In this example, all the process conditions were kept constant, as in example 

24, except for the reaction time, which was raised to 3 hours. The calcium silicate 

hydrate complex was tested as in the previous examples and the reaction conditions 

and key pigment properties are shown in Tables 39 and 40 respectively. 



Table 39: Reaction conditions for XPCs 172, 173, and 174. 



Example # 


Batch # 


Mole Ratio 
(CaO/SiOz) 


Cone, 
abs/gal) 


Temp, 
(degrees F) 


• TiMe^priis.): 


Example 23 


XPC 172 


1.67 


0.7 


451.0 




Example 24 


XPC 173 


1.67 


0.7 


451.0 




Example 25 


XPC 174 


1.67 


0.7 


451.0 





Table 40: Pigment properties for XPCs 172, .173, and 174. 



Batch # 


Water 
Absorption 

(%) 


Brightness 

(ISO) 


Blaine Wt 

(grams) 


Blaine Time 
(sec.) 


PH 


XPC172 


480 


92.9 


0.5 


74 


11.1 


XPC 173 


520 


96.1 


0.45 


108.5 


11.0 


XPC 174 


600 


93.3 


0.4 


135.0 


' 11.2 



Note that a reaction time of 2 hours produced the highest brightness product. 
The longer reaction time of 3 hours produced the greatest water absorption values, but 
at a lower brightness. 



Example 26 : Varying CaO-SiOa Slurry Concentration (XPC 136) 

In this example, all the reaction conditions were kept constant, as in Example 
13, except for the CaO/Si02 slurry concentration, which was lowered to 0.4 lb/gallon. 
To start, 49.6 g of lime was slaked, screened, and titrated fpr available CaO. Then, 
34.2g of ultra-fine fluxed calcined diatomaceous earth was slurried. The fluxed 
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calcined diatomaceous earth sluny was added to the lime slurry to give the mixture an 
initial CaO/Si02 mol ratio of 1 .6. The reactants were then placed in a 2,0 liter 
autoclave and water was added to bring the final concentration of CaO+Si02 slurry up 
to 0.4 lb/gallon. The reaction temperature was set at 451 °F. The autoclave was set 
5 and controlled using a temperature controller for both heating and cooHng cycles as 
shown in Fig. 1 1 . The silica-lime slurry was reacted at 45 1 °F for two hours. At the 
end of the reaction, the resulting calcium silicate hydrate was cooled by circulating 
water through the jacketed autoclave. The resulting mass was transferred to a holding 
beaker. The product was tested for the same key parameters and with the same 
10 methods as described in example 13, The reaction conditions and key pigment 
properties are shown in Tables 41 and 42, respectively. 

Example 27: Varying CaO - SiOi Slurry Concentration (XPC 138) 

In these reactions, all the reaction paranaeters were kept constant, as in 
15 example 26, except for the CaO + SiOz slurry concentration, which was raised to 0.6 
lb/gallon. The product was tested as in Example 26 and the reaction conditions and 
key pigment properties are shown in Tables 41 and 42, respectively. 

Example 28 : Varyiug CaO - SiOa Sluny Concentration (XPC 140) 
20 In this reaction, all the reaction parameters were kept constant, as in example 

27, except for the CaO + SiOa slurry concentration, which was raised to 0.8 lb/gallon. 
The product was tested as in example 27 and the reaction conditions and key pigment 
properties are shown in Tables 41 and 42, respectively. 



76 



wo 02/060986 PCT/US02/03142 
Example 29 : Varying CaO - Si02 Slurry Concentration (XPC 141) 

In this reaction, all the reaction parameters were kept constant, as in example 

28, except for the CaO/Si02 slurry concentration, which was raised to 0.9 lb/gallon. 

The product was tested as in example 28 and tiie reaction conditions and key pigment 

5 properties are shown in Tables 41 and 42, respectively. 



Table 41: Reaction conditions for XPCs 136, 138, 140, and 141. 



Example # 


Batch # 


Mole Ratio 
(CaO/SiOz) 




Temp, 
(degrees C) 


Reaction 
Time (hours) 


Example 26 


XPC 136 


1.6 


,™..;:0..4 


233 


2 


Example 27 


XPC138 


1.6 




233 


2 


Example 28 


XPC 140 


1.6 


m.Lj, 


233 


2 


Example 29 


XPC 141 


1.6 




233 


2 



Table 42: Pigment properties for XPCs 136, 138, 140, and 141. 



Batch # 


Water 
Absorption (%) 


Brightness 
(ISO) 


Blaine Wt. 
(grams) 


Blaine Time 
(sec.) 


pH 


XPC 136 


480 


93.9 


0.45 


93.7 


11.4 


XPC 138 


460 


94.6 


0.50 


173.0 


10.4 


XPC 140 


560 


96.7 


0.35 


75.1 


10.7 


XPC 141 


420 


94.2 


0.45 


45.7 


11.6 



10 

Note that the slurry concentration of 0.8 lb/gallon produced the highest 
brightness and the lowest bulk density. 



Pressure Carbonation Process 
1 5 Generally, it should also be noted lhat the pressure carbonation process for the 

production of PCC as described herein can be used with any convenient source of 
carbon dioxide, since the pressurization of the reactor advantageously increases the 
partial pressure of carbon dioxide to an extent that it can be economically exploited. It 
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is to be appreciated that this process for the production of precipitated calcium 

carbonate is an appreciable improvement in the state of the art for on-site production 

of calcium carbonate. This novel process treats the manufacture of calcium carbonate 

in a manufacturing environment from a new perspective, to provide significantly 

5 improved production rates. 

Calcium Silicate ^Ydrate fCSH) 

The unique crystalline microfibres produced as a product of the reactions 
described herein exist, in one unique product, as bundles sized from about 10 to about 
10 40 microns, typically occurring as haystacks or balls. Preferably, individual fibers axe 
about 0.2 microns in the largest cross-sectional dimension, with lengths of up to 4 or 5 
microns, so as to have a relatively large L/D ratio. 

Importantly, the crystalline microfibers as just described have advantageous 
properties when utilized as a paper filler, particularly in uncoated groundwood, and. in 
15 coated groundwood, in uncoated fine paper, and in coated fme paper. The 

aforementioned adsorptive properties help to adsorb printing ink in the papers. Also, 
it helps the paper sheet itself to absorb fines, so that it improves overall sheet retention 
during the papermaking process. Overall, final paper products exhibit improved 
porosity, improved smoothness, improved buUc, and improved stiffiiess. Also, 
20 brightness and opacity are maintained or improved. Moreover, the printability of the • 
• final product is significantly improved, due to the improved ink adsorption. 

It is to be appreciated that the herein described unique, light, fluffy adsorptive 
calcium siUcate hydrate products, and the method of producmg the same, and the 
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paper products produced using such products, each represent an appreciable 
improvement in the field of manufacture of paper. 

The improved precipitated calcium carbonate manufacturing process and the 
novel calcium silicate hydrate manufacturing process, control of the pH, temperature, 
and time of reaction is determined by the nature of the progress of the reaction in a 
particular batch, hnportantly, the process is readily automated and can be put into an 
automated process control environment. Although numerous examples have been 
provided in detail, it will be readily apparent to those skilled in the art that this unique 
pressurized production process for manufacture of calcium carbonate, and of the 
manufacture of calcium silicate in common equipment, and the apparatus for 
implementing such a process, may be modified from those embodiments provided 
herein, without materially departing fi:om the novel teachings and advantages 
provided. 

It will thus be seen that the objects set forth above, including those made 
apparent from the preceding description, are efficiently attained. Since certain 
changes may be made in carrying out the method for production of precipitated 
calcium carbonate and of calcium sihcate, according to the teachings herein, it is to be 
understood that this invention may be embodied in other specific forms without 
departing from the spirit or essential characteristics thereof Many other embodiments 
are also feasible to attain advantageous results utiUzing the principles disclosed 
herein. Therefore, it will be understood that the foregoing description of 
rq)resentative embodiments of the invention have been presented only for purposes of 
illustration and for providing an understanding of the invention, and it is not intended 
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to be exhaustive or restrictive, or to limit the invention only to ttie precise forms 
disclosed. 

The intention is to cover all modifications, equivalents, and alternatives falling 
within the scope and spirit of the invention, as e^^jressed herein above and in the 
5 appended claims. As such, the claims are intended to cover the methods, apparatus, 
structures (including crystal structures), and products described herein, and not only 
the equivalent methods or structural equivalents thereof, but also equivalent methods 
or structures. The scope of the invention, as described herein and as indicated by the 
appended claims, is thus intended to include variations fi'om the embodiments 
10 provided which are nevertheless described by the broad meaning and range properly 
afforded to the language of the claims, as explained by and in hght of the terms 
included herein, or the legal equivalents thereof 
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CLAIMS 

1 . A method for the hydrothermal production of calcium silicate hydrate and 
calcium carbonate in common process equipment, said method comprising: 
5 (a) providing a first aqueous lime slurry at a predetermined temperature, said aqueous 
lime slurry comprising Ca(0H)2 solids and dissolved Ca(0H)2 in the form of Ca-H- 
ions; 

. (b) screening grit from said slurry; 
(c) conditioning said slurry to predetermined termperature; 
10 (d) feeding said slurry into a first reactor; 

(e) agitating the contents of said first reactor at.auper-atmospheric pressure; 

(f) introducing a stream of CO2 in to said reactor; 

(g) reacting said CO2 and said Ca"^ to produce insoluble calcium carbonate; 

(h) removing said insoluble calcium carbonate and associated aqueous medium from 
15 said first reactor; 

(i) charging a second reactor with a second aqueous slurry comprising silica at a 
concentration of from about 1 to about 1.5 pounds of silica per gallon of slurry, while 
heating said second aqueous slurry in a heat exchange apparatus with said first 
aqueous medium being discharged from said first reactor; 

20 (j) charging said second reactor with a second aqueous lime slurry; 

(k) heating the contents of said second reactor under hydrothermal conditions to 
produce a calcium silicate precipitate, 

2. The method as set forth in claim 1, wherein said siUca comprises fluxed 
25 calcined diatomaceous earth (FCDE). 
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3. The method as set forth in claim 1, wherein the step of heating said second 

aqueous sluny is carried out in countercurrent fashion. 

4. The method as set forth in claim 3, wherein said step of heating is carried out in a 
shell and tube heat exchanger. 

5. TTie method as set forth in claim 1, wherein said hydrothennal conditions comprise 
pressure up to 1000 psig. 

6. The method as set forth in claim 1, wherein during the step of reacting silica in 
said second reactor, agitation is provided in said second reactor. 

7. The method as set forth in claim l,wherein said carbon dioxide is dissolved in an 
aqueous medium before introduction into said first reactor under pressure. 

8. The method as set forth in claim 1, wherein said step of conditioning said slurry to 
predetermined temperature comprises chilling said slurry in a chiller. 

9. The method as set forth in claim 1, wherein the step of conditioning said slurry to a 
predetermined temperature comprises heatiag said slurry in a heat exchanger. 

10. Tlie method as set forth in claim 1, wherem said first reactor and said second 
reactor are reversed, so that, in an additional step, calcium carbonate is produced in 
said second reactor, and calcium sihcate is produced in said first reactor. 

1 1 . The method as set forth in claim 1 0, wherein multiple reactor pairs are provided. 

12. The method as set forth in claim 1 1, wherein at least two pair of 
superatmospheric reactors is provided. 

13. The method as set forth in claim 1, wherein a specially designed pressure bank of 
carbonators are employed for the carbonation reaction. 

14. The method as set forth in claim 13, wherein said carbonation reaction is 
controlled isothennally. 
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15. The process as set forth in claim 1, where the time for preparation of said lime 
slurry preparation time (slaidng) is matched with the time for the carbonation reaction 
^ in said first reactor, so that the whole manufacturing process can be carried out 
conthxuously. 

5 16. The method as set forth in claim 1 wherein said said lime slurry has a 

concentration between 30 grams per hter and 300 grams per liter of sodium hydroxide 

17. The process as set forth in claim 1 wherein the pH of said lime slurry is at least of 
pH12. 

18. The method as set forth in claim 1 where said lime slurry is temperature adjusted 
10 to between 50F and 120R 

19. The method as set forth in claim 1 where said lime slurry temperature is adjusted 
to approximately 50F by passing it through a heat exchanger, and wherein said 
insoluble calcium carbonate comprises a rhombohedral crystal habit 

20. The method as set forth in claim 1 where said lime slurry tenrperature is adjusted 
15 to : 120F by passing it through a heat exchanger and a chiller, and wherein said 

insoluble calcium carbonate comprises aragonite crystals. 

21. The method as set forth in claim 1 where said lime slurry temperature is adjusted 
to the range from about 80F to about lOOF, and wherien said insoluble calcium 
carbonate comprises crystals having a sclenohedral crystal habit. 

20 22. The method as set forth in claim 1 wherein the concentration of said lime slurry is 
in the range firom about 30 gpl of calcium hydroxide to about 300 gpl of calcium 
hydroxide. 
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23. The method as set forth in claim 1 wherein the concentration of saidUme slurry is 
in the range from about 200 gpl of calcium hydroxide to about 250 gpl of calcium 
hydroxide. 

24. The method as set forth in claim 1 where in the C02 concentration is in the range 
of 5.0% C02 by volume to 100% C02 by. volume. 

25. The method as set forth in claim 1 wherein the C02 flow rate (at 20% C02 and 
80% other gasses in the lab scale) into the 2-liter pressure reactor, having 1 .2 liters of 
Ca(0H)2 slurry, varies from 0.5 1pm to 5.31pm. 

26. The method as set forth in claim 1 wherein the agitation in the pressure reactor 
during the carbonation reaction is earned out by a mechanical agitator and the speed 
of agitation ranges from SOQrpm to 1500 ipm, preferably at 1500 ipm 

27. The method as set forth in claim 1 where as the end of Ihe carbonation reaction is 
indicated xmtil the pH is reduced from -12 to -8. 

28. The method as set forth in claim 1 where as.the end of the carbonation in the lab 
reactor is measured when the sluiry temperature reaches a maximum. 

29. The method as set forth in claim 1 wherein process variables are selected from a 
group consisting of: 

(a) Pressure in the reactor vessel or carbonator; 

(b) C02 or flue gas concentration 

(c) C02 or flue gas flow rate 

(d) Lime slurry concentration 

(e) Lime sluny temperature entering the pressure vessel (starting temperature) 

(f) Isothermal temperature during the carbonation reaction 

(g) Rate of agitation by the mechanical agitator 
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30. The method as set forth in claim 29, wherein said process variables are selected to 

manufacture sclenohedral PCC. 

31. The method as set forth in claim 29 wherein said process variables are selected in 
optimization mode to produce rhombohedral PCC. 

5 32. The method as set forth in claim29, wherein the process parameters are selected 
in optimum mode so as to produce aragonite PCC 

33. The method as set forth in claim 29, wherein said process parameters are selected 
in optimization mode so as to produce "stacked" rhombohedral PCC 

34. The method as set forth m claim 29, wherein said process parameters are selected 
10 to produce shapes, sizes, and particle distributions resulting in production of 

sclenohedral PCC. 

35. The method as set forth in claim 29, wherein said process parameters are selected 
to produce different shapes, sizes, particle size distributions, and aspect ratios of 
rhombohedral PCC 

1 5 36. The process as set forth in claim 29, wherein said process parameters are selected 
to produce different shapes, sizes, and particles size distributions of aragonite PCC 
37. The method as set forth in claim 34, wherein said reaction conditions are selected 
to give sclenohedral PCC suitable for use i^ paper fiUing, coating, and size press 
applications. 

20 38. The process as set forth in claim 35 wherein the reaction conditions are selected 
to give a variety of rhombohedral PCC suitable m use for paper filling, coating, and 
size press, applications. 
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39. The method as set forth in claim 32, wherein said reaction conditions are selected 
to provide aragonite PCC suitable for application in paper filling, coating, and size 
press applications. 

.40. An improved process, equipment, and equipment configuration to produce 
5 calcium silicate hydrates, said process comprising: 

(a) providing an aqueous lime slurry* at near boiling temperature (200F); 

(b) providing an aqueous slurry of silica source, preferably consisting of fine Fluxed 
Calcined, Diatomaceous Earth (FCDE), concentration of approximately 1.0 to 1.5 
lbs/gallon. 

10 (c) Processing the said slurry through a shell and tube heat recuperator, countercurrent 
to a hot liquid. 

(d) Filliag up the pressure reactor enable of operating up to 1 000 psig. 

(e) The reactants are heated with super heated steam (400 to 600psig) to carry out a 
hydrothermal reaction between Ca(0H)2 particles and silica firom the diatoms, 

1 5 forming a calcium silicate hydrate. 

(f) Slowly agitating the entire content of the pressure vessels during the formation of 
calcium silicate hydrates. 

41. The process set forth in claim 40 wherein the lime slurry is formed in the same 
slaker as for the precipitated calcium carbonates. 
20 42. The process set forth in claim 40 wherein said hydrotiiemial reactionis carried- 
out m the same reactor as the carbonation process in the manufacture of precipitated 
calcium carbonate. 
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43. The process as set forth in claim 40 wherein the hydrothermal reaction between 
hot lime slurry and FCDE takes place in a bank of pressure reactors, the same ones 
used in the manufacture of PCC. ■ . 

44. The process as set forth in claim 40 wherein the rate of hydrothermal reaction is 
5 balanced in such a way so as the feeding silica slurry and the discharging of the 

silicate slurry from the bank of reactors is continuous. 

45. The process as set forth in claim 40 wherein the heat recov^ is maximized by 
employing a series of heat exchangers to recuperate heat from the calcium silicate 
product. ' 

10 46. The process as set forth in claim 40 wherein the lime slurry concentration is in the 
range of 0.2 to 0.4 lb/gallon. 

47. The process as set forth in claim 40 wherein the FCDE slurry concentration is 
--1.22 lb/gal. 

48. The process as set forth in claim 40 wherein the lime to siUca mole ratio ranges 
15 from 0.75 to 3.0. 

49. The process as set forth in claim 40 wherein the lime/silica slurry concentration 
ranges from 0.2 lb/gal to 1.0 lb/gal. 

50. The process as set forth in claim 40 wherein the time for the hydrothermal 
reaction varies between 1 to 4 hours. 

20 51. The process as set forth in claim 50, wherein said tune of reaction is 
approximately'2 hours. 

52. The process as set forth m claim 40 wherein the temperature for the hydrothermal 
reaction varies from 355F to 527F. 
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53. The process as set forth in claim 40, wherein the pressure is nMintained 

corresponding to the reaction temperature between 130 and 600 psig. 

. 54. The process as set forth in claim 40, wherein the heat to the hydrothermal process 

is provided by super saturated steam at 450F to 600F. 

. 5 55. The process as set forth in claim 40, or in the method of claim 1, wherein the 

sequence of addition of lime and of addition of silica slurry are interchangeable. 

56. The process as set forth in claim 40, wherein the filling time of the pressure 
reactor is between 45 to 60 minutes. 

57. The process as set forth in claim 40 wherein the discharge time for the calcium 
1 0 silicate slurry is between 45 to 60 minutes. 

58. The process as set forth in claim 40, wherein the cooling time is between 30 and 
about 45 minutes. 

59. The process as set forth in claim 40, wherein the process variables are selected 
from a group, consisting of: 

15 a) Lime to Silica mole ratio 

b) Lime/Silica slurry concentration 

c) Type of lime (shape, size, and brightness) 

d) Type of FCDE (shape, size, and brightness) 

e) Sequencing of batch operations (i.e. filling, heating to reaction temp, time at 
20 reaction temp, time for discharge or "cooling") 

60. The process as set forth in claim 59, wherein the reaction parameters are selected 
as follows: 

(a) The lime to silica mole ratio is in the range of 1.2 to 1.6, preferably 1.33 to 1.41 
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• (b) The lime/Silica slimy concentration is between 0.4 lb/gal to 0.8 lb/gal, preferably 

0.6 lb/gal 

(c) Using 1/2" rotary pebble, high brightness quicldime 

(d) Using fine Fluxed Calcined Diatomaceous Earth (FCDE) 
5 (e) Wherein the heating sequence involves: 

Time to Heat 100 min 

Time at Temperature - 120 min 

Time to Cool 30 mm 
(f) The hydrothermal reaction is performed in the range of 390 F to 5 1 8F, and more 
1 0 preferably between about 464F and about 480F and such process conditions produced 
multiphase calcium silicate hydrates comprised predominately of ultra fine fibrous 
foshagite crystals with some fine fibrous xenotUte crystals and other minor phases of 
CSH. 

60. The process as set forth in claim 59, wherein said foshagite of the calcium sihcate 
15 hydrate consists primarily of fibrous crystals ranging in size fi:om 0.1 to 0.3 microns 

and in length fi-om 3 to 5 microns. 

61 . The process as set forth in claim 59. wherein said primary fibrous particles are 
interlocked into a secondary particle stmcture, and said secondary particle structure 
varying firom 7 microns to 30 microns, with an average particle sized in the range of 

20 12 to 18 microns. 

62. The process as set forth in claim 40, wherein the brightness of the multiphase 
calcium silicates is in the range of 95 +A 2. 

63. The process as set forth in claim 40, wherein the water absorption of the calcium 
sihcate hydrate is m the range of 40Q to 1000%, preferably between 700 and 1000%. 
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64; The process as set forth in claim 40, wherein the air permeability of the calcium 
silicate hydrate (as measured by Blaine method) is in the range of 60 to 200 seconds, 
65. The process as set forth in claim 40 wherein the weight of the calcium silicate 
hydrate (as measured by Blaine method) is in the range of 0.35 to 0.5 grams. 
5 66. The process as set forth in claim 40 wherein the X.R.D. pattern of the powder is : 
Foshagite: dMajor = 2.97 A 

dMinor = 5.05A . 
XenotUte: dMajor = 3 . 1 07 A 

DMinor = 3.66A 

10 

67. The process as set forth in claim 40 wherein the calcium silicate hydrate 
improved sheet bulk over standard pulp by 20 - 25%. 

68. The process as set forth in claim 40 wherein the calcium silicate hydrate 
improved sheet opacity over pulp by 20 - 24 points. 

1 5 69. The process as set forth in claim 40 wherein the calcium silicate hydrate 
improved sheet scattering power over pulp by 150% - 200%. 

70. The process as set forth in claim 40 wherein the calcium silicate hydrate 
improved filler scattering coefficient over PCC by 20% - 25%. 

71. The process as set forth in claim 40 wherein said calcium silicate hydrate has a 
20 scattering coefficient in the range of 2800 cm2/g to 3200 cm2/g. 

72. The process as set forth in claim 40 wherein the calcium silicate hydrate 
improved sheet porosity ov&r pulp by 20% to 25%. 

73. Paper containing the calcium silicate hydrate produced by the process as set forth 
. in claim 40 has porosity than paper containing market PCC by 100% to 200%. 



90 



wo 02/060986 PCT/US02/03142 

74. Paper made by the process as set forth in claim 40, wherein paper containing the . 
calcium silicate hydrate gave 30% to 40% higher stifBiess than a pulp sheet alone. 

75. Paper made by the process as set forth in claim 40, wherein said paper sheet 
containing the calcium silicate hydrate provides. 10% to 15% higher tensile strength. 
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Rhombohedral PCC, Aspect Ratio ~1:1.5 
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S.E.M. of the Calcium Silicate Hydrate Product, Magnified 7500x 
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S.E.M of Calcium Silicate Hydrate Complex, Magnified 1500x 
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S.E.M. of 5XPC 27, Magnified at lOOOOx 



FIG. 10 
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FIG. 11 
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FIG. 26 
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